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ABSTRACT 
 
The compact mesocosm which was designed for a laboratory scale was used for 
the kinetic study of refractory organic compounds in a tidally influenced coastal marsh 
wetland soil. The tidal cycles were controlled pneumatically using an air chamber inside 
the mesocosm tank. Phenanthrene as the test compound showed that its degradation in the 
intertidal wetland soil was faster than that in the subtidal wetland soil. Oxygen resupply 
during the tidal cycles to the intertidal wetland soil would enhance the degradation.  
Comparison of degradation rates of phenanthrene (Phe), pyrene (Pyr), and 
benzo[e]pyrene (BeP) were also studied using the mesocosm. The degradation rates of 
Phe, Pyr, and BeP (3.42, 3.11, and 2.50%/day, respectively) in the intertidal wetland soil 
are significantly different from the degradation rates of Phe, Pyr, and BeP (2.12, 1.81, 
and 1.20%/day, respectively) in the subtidal wetland soil. BeP stays longer in the wetland 
soil and is more persistent than the other two compounds as its molecular weight is 
higher than that of Phe and Pyr and its water solubility is lower than that of Phe and Pyr.   
The effect of nutrient addition to the wetland soil to enhance the degradations also 
was examined. Inorganic nitrogen (N) and phosphorus (P) were added to the 
contaminated wetland soil with C:N:P ratio of 100:10:3 (C was on the organic 
compounds added, not including what was already in the soil). The statistical 
combination model of compounds, depths, and nutrients was tested to see the effects on 
the PAH degradation rates.  There were significant differences of degradation rates 
among the three compounds and between the depths, but no significant effect of the 
nutrient addition to the sediments. The statistical difference of the PAH degradation rates 
due to the nutrient addition which was 0.10 % day
-1
 (P<0.05) was significantly zero. The 
 ix 
 
nutrition added functioned well only in the beginning and then it leached to the water and 
flushed out.  
The designed mesocosm has been a useful tool for a complementary study of non-
volatile refractory organic compounds in coastal wetland soil.  
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CHAPTER 1 
INTRODUCTION 
 
 
1.1 Background 
Louisiana coastal wetlands are a very important ecosystem since they support the 
largest commercial fishery in the lower 48 states and provide critical habitat to many 
threatened and endangered species (USGS, June 2, 2011). These coastal wetlands are 
vulnerable to oil spills from the deep sea in the Gulf of Mexico. Oil spills cause acute and 
long-term damage to salt marshes and mangroves (Burns et al., 1993; Lin and 
Mendelssohn, 1996; Reilly, 1999; and Pezeshki et al., 2000). The accumulation of crude 
oils which contains many polycyclic aromatic hydrocarbons (Reilly, 1999) damages the 
natural value of wetlands.  
Wetland soil is hydric where the soil is permanently or seasonally saturated by 
water, resulting in anaerobic conditions. Coastal wetlands include tidal salt marshes, tidal 
fresh water marshes, and mangrove swamps (Mitsch and Gosselink, 2007). Tidal salt 
marsh wetlands are those halophytic grasslands found in the middle and high latitudes 
along protected coastlines. Due to its position relative to tidal actions, a tidal marsh can 
be under water all the time, which is called subtidal marsh; or can be regularly flooded 
when tidal water alternately floods and exposes the land surface at least once daily, which 
is called intertidal marsh. Marine scientist refer to the subtidal wetland soil as a marine 
sediment, that is any deposit of insoluble material, primarily rock and soil particles, 
transported from land areas to the ocean by wind, ice, and rivers, as well as the remains 
of marine organisms, products of submarine volcanic activity, and chemical precipitates 
from seawater that accumulate on the seafloor (Encyclopedia Britannica). In this study, 
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the soil of both types of wetland (intertidal and subtidal) is called wetland soil. Since the 
two types of wetland have different flooding conditions, PAH degradation rates on the 
two types of wetland may be different.  
The oil spills in the pelagic zone of the Gulf of Mexico have been swept into 
Louisiana salt marshes by tidal cycles and winds. Crude oils spilled at sea are 
immediately subject to a wide variety of weathering processes that affect their chemical 
compositions and physical properties (Kaplan et al., 1997; Wang et al., 1994; Bence et 
al., 1996; Short and Heintz, 1997; Wang et al., 1995, Wang et al., 1998, Page et al., 
1996; Sauer et al., 1993). After several days of weathering processes, most of the spilled 
crude oil components are expected to have relatively low concentrations when they reach 
the Louisiana coastal wetland; but some of them may not even reach the coast. The oil 
that reaches the coastal area is expected to degrade physically, chemically, and 
biologically.  
Polycyclic aromatic hydrocarbons (PAHs) are compounds consisting of two or 
more fused benzene rings or aromatic rings; they are formed from the incomplete 
combustion of hydrocarbons. They also occur naturally in coal, crude oil, and gasoline. 
Since they are ubiquitous, they can be atmospheric, water, and soil pollutants. PAHs in 
coastal environments can come from many sources naturally as well as through 
anthropogenic activity. They adsorb and tend to stay longer in sediment due to their 
hydrophobicity (low solubility and high octanol-water partition coefficient). The main 
sources of PAHs in a marine ecosystem are atmospheric deposition, river runoff, 
domestic and industrial wastewater, and direct spillage of oil or petroleum products. 
Some PAHs are listed as toxic compounds and carcinogens.  There are 18 PAHs 
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considered by the Agency for Toxic Substances and Disease Registry to have health 
effects (ATSDR, 2005). They have been a major concern in marine ecosystems, 
especially in coastal areas as PAH concentrations are much higher in soil compared to 
those in the water column. They are toxic to marine species and to the environment. As 
they are adsorbed into soil/sediment, many hydrophobic PAHs in soil-water interfaces 
undergo some physical, chemical, and biological degradation, but biodegradation is the 
most effective process. Microorganisms utilize only dissolved substrates; and the 
utilization rates of PAH degradation products are related to sorption/ desorption rates of 
PAHs to and from soil.   
Since biodegradation is assumed to be the main reaction in PAH decay in soil, 
microorganisms require some nutrients to survive and to function. The nutrients in 
shortest supply are usually nitrogen (N) and phosphorus (P), or both, while the supply of 
K, S, Mg, Ca, Fe, and micronutrient elements is nearly always greater than the demand 
(Alexander, 1999). Some nutrients to enhance the degradation of organic material can be 
added to the wetland soil and water. The capacity of different wetland soil to retain 
nutrients may be different. Therefore, it is necessary to investigate PAH degradations in 
the subtidal and the intertidal wetland soil with the addition of nutrients.  
Specific characteristics of coastal wetland ecosystems that make them suitable for 
PAH biodegradation processes are the large quantity of water; the oxic and anoxic soil 
for the breakdown of organic matter; and the supporting highly productive, tall emergent 
vegetation (Verhoeven and Meuleman, 1999). Some organic compounds degrade 
favorably under aerobic conditions, such as naphthalene; other compounds degrade 
favorably under anaerobic conditions, such as DDT; and some others degrade favorably 
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under moderately anaerobic conditions, such as PCBs (Reddy and DeLaune, 2008). Some 
of the functions of water plants in the wetland ecosystems are to be major storage sites 
for carbon and nutrients; to generate large amounts of organic carbon (through 
photosynthesis); and to conduct gases to and from the sediments (Wetzel, 1993). Haberl 
et al. (2003) pointed out that the organic constituents produced as the result of dead plant 
degradation in wetlands can act as an additional carbon source. 
Understanding of PAHs degradation pathways and kinetics provides guidance for 
the selection of effective methods and technology to remediate a contaminated site. 
However, many times, it is unpractical and costly to conduct a field study to measure 
PAH biodegradation in coastal wetlands or other natural systems. Yuan et al. (2001) used 
40 ml serum bottles while Ramirez et al. (2001) used 125 mL flasks to study PAH 
biodegradation in microcosms. Even though their results gave some useful information, 
their studies were conducted under restrictive conditions which might be far from the 
natural biodegradation conditions. Mesocosms, any system larger than microcosms but 
smaller than macrocosms, have been used as experimental tools to study many aspects of 
biodegradation of contaminants in coastal environments.  
One relatively recent mesocosm study was by Pennington et al. (2004) who 
studied the direct effect of endosulfan, an agricultural insecticide, in a series of 
experiments in modular estuarine mesocosms. Experimental mesocosms may be also 
effective approach to provide information on the long-term effect of many contaminants, 
such as PAHs, in the coastal marine environment. Mesocosm design can simulate the 
unique features of coastal marsh wetland systems allowing the examination of pollutant 
degradation pathways.   
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There are many kinds of PAHs but three different classes of important PAHs are 
phenanthrene (three-benzene rings), pyrene (four-benzene rings), and benzo[e]pyrene 
(five-benzene rings) which are found in crude oil. Phenanthrene (Phe) is a primary 
petroleum-source PAH; pyrene (Pyr) is a somewhat petrogenic PAH found in many 
petroleum products which may be subject to appreciable biodegradation in soil; and 
benzo[e]pyrene (BeP) occurs ubiquitously in products of incomplete combustion. Phe, 
Pyr, and BeP can also be found naturally in Louisiana coastal wetlands from the natural 
occurrence of oil seeps (Kennish, 1996). When released to the water, PAHs will adsorb 
strongly to sediment and particulate matter removing the compound from solution. BeP is 
more likely to stay longer in sediment compared to Phe and Pyr; heavier PAHs are more 
persistent than the lighter ones (Shuttleworth and Cerniglia, 1995 and Heath et al., 1993). 
Therefore, the three different PAHs are expected to give different kinetic performances in 
the subtidal and the intertidal marsh wetland soil. 
Nutrient additions to the sediment system are expected to have an impact on PAH 
degradations as they change the physicochemical properties of wetland sediment and soil 
(Reddy and DeLaune, 2008). One of the important soil properties is redox potential, 
which is a measure of the tendency of chemical species to acquire electrons. The status of 
redox potential of soil governs the degradation of PAHs in soil. 
 
1.2 Goal 
The goal of this study is to build laboratory marsh wetland mesocosms to 
investigate the degradation of polycyclic aromatic hydrocarbons in a tidally influenced 
marsh wetland soil (subtidal and intertidal).  
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1.3 Objectives  
The objectives of this study are: 
1. To design and build compact portable mesocosms for kinetic studies of PAH 
degradation in coastal marsh wetland.  The mesocosms are designed to simulate 
unique features of coastal marsh wetland systems for the examinations of PAH 
degradations. 
2. To investigate the differences of PAH degradation performances in and between the 
subtidal and the intertidal marsh wetland soil. 
3. To study the effect of nutrient addition to the subtidal and the intertidal marsh 
wetland soil on PAH degradations.  
 
1.4 Dissertation outline 
This dissertation presents the study of polycyclic aromatic hydrocarbon (PAH) 
degradation in a designed mesocosm of Louisiana coastal marsh wetlands, featuring tidal 
cycles, water flushing, and washing out. The effect of nutrient addition to the PAH 
contaminated soil, as it is important for PAH degradation enhancement, is also presented.  
- Chapter 1 is the background of the importance of the study of PAHs related to oil 
spills in marsh wetlands; the need for good laboratory tools; and the goal and the 
objectives of the study.   
- Chapter 2 provides a literature review of PAH characteristics related to their 
degradation performance in soil. Polycyclic aromatic hydrocarbons will be discussed 
in general; and phenanthrene, pyrene, and benzo[e]pyrene (the three-, four-, and five-
benzene rings PAH compounds, respectively) will be discussed in more detail. The 
three compounds in this study are especially discussed in relation to their most 
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important characteristic: sorption to sediment/soil mineral and organic components. 
Nutrient addition to the soil and redox potential in the soil are also discussed. 
- Chapter 3 presents the mesocosm designs and the features of marsh wetland soil. 
- Chapter 4 shows the kinetic degradation of phenanthrene, pyrene, and benzo[e]pyrene 
in the intertidal and the subtidal soil. The chapter discusses the results of laboratory 
experiments on degradation of PAHs in the marsh wetland soil in the mesocoms. 
- Chapter 5 shows the effects of the nutrient addition to the soil on the degradation 
rates of the three PAHs in the subtidal and the intertidal wetland soil. 
- Chapter 6 is the summary and the recommendations of this study. 
- The last part of this dissertation consists of appendices, which include the raw data, 
some methods, and pictures to support the chapters. 
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CHAPTER 2 
LITERATURE REVIEW 
 
   
2.1 The need of mesocosms in doing research 
Due to high cost, difficulties in experimental replication and regulatory 
restrictions to run field studies, some researchers have utilized mesocosms to study the 
effects of oil spills on the environment. Ives et al. (1996) defined mesocosms as middle-
sized, enclosed, and constructed experimental ecosystems that are widely used as tools 
for ecological research, applied research and development. They require ecological 
engineering because mesocosms combine technology, environmental management, and 
control of exchanges with living populations (Petersen and Hastings, 2001). Some studies 
employing mesocosms include the impact of pollutants in the ecosystems by Santas et al. 
(1998); the effects of the dynamics of microbial populations in the marine environment 
by Cappello et al. (2007); Lebaron et al. (2001); Pukall et al. (1999); and Schafer et al. 
(2001): and the fate of soluble fractions of oil and their effects on several marine coastal 
microorganisms by Ohwada et al. (2003). Other mesocosms were designed and used for 
short-term effect studies, such as estuarine mesocosms by Lauth et al. (1996) which then 
were modified by Pennington et al. (2004). Lauth et al. (1996) studied the direct effect 
and the sensitivity of azinphosmethyl, an organophosphate insecticide, to some estuarine 
species. Pennington et al. (2004) studied the direct effect of endosulfan, an agricultural 
insecticide, and its bioaccumulation to estuarine fauna.  The environmental fate of 
polycyclic aromatic hydrocarbons (PAHs) and the effect of chemical dispersants were 
studied by Yamada et al. (2003) using experimental 500-liter mesocosm tanks that mimic 
natural ecosystems. 
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 The tidal water movement in coastal marsh wetlands may influence the 
degradation of the organic compounds. When the objective of a study is to examine the 
degradation of organic compounds in coastal marsh wetlands using a mesocosm, the tidal 
movement is a necessary component of the mesocosm. Hydrophobic PAHs, the 
contaminants of concern in this study, tend to be persistent in the aquatic environment. 
The effect of PAHs due to an oil spill on coastal marsh wetlands is different from site to 
site depending on the characteristics of PAHs and the site environments. The use of 
mesocosms to mimic a certain environment may be reliable and cost effective in 
conducting a study either for long-term effect or environmental fate.  
 
2.2 Polycyclic aromatic hydrocarbons (PAHs) 
Polycyclic aromatic hydrocarbons (PAHs) are a group of approximately 10,000 
compounds which are atmospheric, water, and soil pollutants. They are organic 
contaminants that are formed from incomplete combustion of a variety of organic 
compounds. The structure of a PAH consists of molecules containing two or more fused 
six-carbon atom aromatic rings; only hydrogen and carbon are present in the molecules. 
There are 18 PAHs considered by the Agency for Toxic Substances and Disease Registry 
(ATSDR, 2005) that have adverse health effects; they are: acenaphthene, acenaphthylene, 
anthracene,  benzo[a]anthracene, benzo[a]pyrene, benzo[e]pyrene, benzo[b]fluoranthene, 
benzo[ghi]perylene, benzo[j]fluoranthene, benzo[k]fluoranthene, chrysene, coronene, 
dibenz(a,h)anthracene, fluoranthene, fluorene, indeno(1,2,3-cd)pyrene, phenanthrene, and 
pyrene. 
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Sources of PAHs in a marine environment could include volcanoes, natural fires, 
fossil fuel fired power generation, combustion engines, municipal discharges, oil pipeline 
spills, oil fields, offshore drilling platforms, natural oil seeps, and shipping accidents. 
Table 2.1 (Kennish, 1996) shows that the main sources of PAHs in a marine ecosystem 
are direct spillage of oil or petroleum products, atmospheric depositions, domestic and 
industrial wastewater, river runoff, and biosynthesis. Petroleum spillage enters marine 
systems with about 170,000 metric tons annually of which 0.7% to 7% of that spillage are 
PAHs (Table 2.1). The Deepwater Horizon oil spill in the Gulf of Mexico in April 2010 
was the largest accidental marine oil spill in the history of the petroleum industry. 
OSAT/NOAA, 2010 reported about 4.9 million barrels of crude oil from Macondo Well 
was discharged into The Gulf of Mexico (Rico-Martinez et al., 2013). If one barrel of 
crude oil equals to 0.1364 metric ton of crude oil (BP conversion), the April 2010 
accident contributed about 668,360 metric tons of crude oil to the marine ecosystem. 
Oils released in spills are complex and contain a vast array of aliphatic and 
polycyclic aromatic hydrocarbons (Wang et al., 1994).  Crude oil may include 
compounds of sulfur, nitrogen, oxygen, metals, and other elements (Boehm, 1987; ASTM 
D-4175, 2000; Speight, 1999). PAHs and other organic chemicals in aquatic 
environments can undergo several chemical and physical processes, including: transfer 
(dissolution, sorption to solids and sediments), volatilization to air, transport   (bulk and 
dispersion, sedimentation, diffusion, and entrainment), abiotic degradation (hydrolysis, 
photolysis,   dissociation, and oxidation/reduction), and biotic (aerobic and anaerobic 
degradations). After transport in the water column, PAHs will finally be deposited in  
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Table 2.1 Major source of PAHs (Kennish, 1996) 
 
Major source of PAHs Annual input (metric ton) 
Petroleum spillage 170,000 
Atmospheric deposition 50,000 
Wastewaters 4,400 
Surface land runoff 2,940 
Biosynthesis 2,700 
 
sediment (Zaghden et al., 2007). Whether they are degraded in sediment depends on their 
characteristics and environmental conditions. 
 PAHs are hydrophobic compounds and relatively insoluble in water. Compounds 
considered hydrophobic typically have water solubility < 100 mg/L and partition 
coefficient Kow > 10
2
 (Elzerman and Coates, 1987). All the PAHs listed in ASTDR fall in 
the hydrophobic category. Naphthalene (two-benzene-ring PAH) has water solubility and 
Kow of 31 mg/L and 10
3.37
, respectively. The higher the number of the rings, the more 
hydrophobic is the compound. For example, pyrene (four-benzene-ring PAH) has water 
solubility and Kow of 0.132 mg/L and 10
5.18
, respectively (Wick et al., 2011). 
Thus, PAHs tend to bind with organic matter or particle surfaces resulting in a 
low bioavailability (Cerniglia, 1992; Taylor and Jones, 2001; and Johnsen et al., 2005). 
Their partitioning onto sediments and suspended settleable particulates results in PAH 
concentrations which become greater by a factor of 1000 or more in seafloor sediments 
than in the water column (Kennish, 1996). Some species in sediment have capacities to 
bioaccumulate the contaminant which then can be transferred or transformed to higher 
trophic levels. Certain marine polychaetes, e.g., Capitella and Neanthes, are associated 
with oil-incorporated sediments in areas of oil spills (Sanders et al., 1972). 
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2.3 Phenanthrene (Phe), pyrene (Pyr), and benzo[e]pyrene (BeP) 
The most PAHs in oil products have two and three fused benzene rings with one 
to four carbon atom alkyl group substitutions (Overton et al., 1994). Naphthalene, the 
two-benzene-ring PAH, which often present in significant amounts in petroleum (Sauer 
and Boehm, 1991), is relatively volatile, soluble, and degradable. Therefore, naphthalene 
in weathered oil from an offshore spill may not be available when the contaminated water 
reaches coastal environments; on the other hand, higher molecular weight species such as 
phenanthrene (three-benzene-ring PAH), pyrene (four-benzene-ring PAH), and 
benzo[e]pyrene (five-benzene-ring PAH) can be found in weathered crude oils reaching 
coastal wetlands. The higher the number of benzene-rings the PAH has, the higher the 
molecular weight, but the lower the solubility in water (the information and 
characteristics of these three compounds are summarized in Table 2.2). 
The information about the environmental fate of phenanthrene (Phe), pyrene 
(Pyr), and benzo[e]pyrene (BeP) and other compounds can be found most completely in 
Hazardous Substances Data Bank on the National Library Medicine’s (NLM) Toxicology 
Data Network (U.S. National Library Medicine, 2013). When released into water, Phe, 
Pyr, and BeP are expected to adsorb to suspended solids and sediment. Phe and Pyr are 
more volatile compared to BeP as their Henry’s Law Constants and vapor pressures are 
higher than that of BeP’s (Table 2.2). The volatilization of Phe and Pyr from the water 
surfaces is an important fate process, while BeP volatilization is not expected to occur 
from the water. However, their adsorption to soil attenuates volatilization. Biodegradation 
of Phe in soil is expected, while biodegradation of Pyr and BeP is expected to be a slow 
fate process.   
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Table 2.2 Characteristics of phenanthrene, pyrene, and benzo[e]pyrene 
Characteristics Phenanthrene Pyrene Benzo[e]pyrene 
Molecular Structure 
 
 
 
Molecular formula C
14
-H
10
 C
16
-H
10
 C
20
-H
12
 
Molecular weight 
(mg/mol) 
178.2 202.3 252.3 
Solubility at 25
o
C (mg/l) 0.994 0.135 0.00086 
Henry’s Law Constant at 
20
o
C (non-dimensional) 
5.404*10
-3 
4.573*10
-4 
2.378*10
-5 
Log Kow 4.345 4.933 6.7 
Vapor pressure (Pa); or 
at 20-25
o
C (mmHg) 
1.6*10
-2 
6.8*10
-4 
6*10
-4 
4.25*10
-6 
7*10
-7 
7.256*10
-10 
Class 
an important 
petroleum-source 
PAH 
somewhat petrogenic 
found in many petro-
leum products  
occurs ubiquitously in 
products of incomplete 
combustion 
 Source: GSI Environmental Inc. (2013) 
BeP is more persistent than the lower molecular weight PAHs such as 
phenanthrene and pyrene (Shuttleworth and Cerniglia, 1995 and Heath et al., 1993). 
NOAA 1990 suggested that there was too little data available to ascertain firm concern 
levels in soils and sediments. BeP concentration in South Louisiana crude, Kuwait crude, 
No. 2 fuel oil, and Bunker C residual are 2.5, 0.5, 0.1, and 10 mg/kg (ppm), respectively 
(Rand and Petrocelli, 1985).  
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2.4 Biodegradation of PAHs in coastal wetlands 
When crude oils are spilled at sea, they are immediately subject to a wide variety 
of weathering processes that affect their chemical composition and physical properties 
(Kaplan et al., 1997; Wang et al., 1994; Bence et al., 1996; Short and Heintz, 1997; 
Wang et al., 1995, Wang et al., 1998, Page et al., 1996; and Sauer et al., 1993) which are 
responsible for stabilizing water-in-oil emulsions. After undergoing weathering processes 
and being transported to the coastal wetlands, polycyclic aromatic hydrocarbons (PAHs) 
and other organic compounds are subjected to biological and non-biological 
transformation processes. PAHs degrade more slowly than benzene and alkyl-PAHs 
(Kadlec and Wallace, 2009).  Microbial processes, in many cases, are more important and 
effective in degradation of these organic compounds than are physical or chemical 
mechanisms (Reddy and DeLaune, 2008). Bacteria play an important role in the 
biodegradation of the spilled oils which contain an abundance of PAHs (Kasai et al., 
2002 and Harayama et al., 1999). Manahan (2004) suggested that microbial oxidation of 
hydrocarbons is the primary means to eliminate petroleum waste from water and soil.  
A complex series of reactions in wetlands transform one compound to another 
compound in a mineralization process. A number of environmental factors governs the 
rates of biodegradation in wetland systems, such as chemical characteristics of the 
organic compounds and of the sediment-water system, reduction-oxidation potential 
(redox potential or Eh), pH, temperature, nutrients, carbon availability, contaminant 
bioavailability and concentration, salinity, and microbial consortia and biomass 
(D’Angelo, 2002). Redox status indicates the electron acceptors available and the 
microbial redox reactions likely (aerobic, facultative, or anaerobic). pH affects 
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degradation reaction (some reactions work only in a certain pH ranges). Temperature 
governs the molecule’s speed; in low temperatures, molecules move relatively slowly and 
colliding molecules do not always bring about a reaction (Atlas, 1984). Therefore, 
temperature is often positively correlated to the microbial breakdown rate (Margesin and 
Schinner, 1998). The presence of nitrogen and phosphorus in seawater also enhances the 
biodegradation of oil released into seawater (Atlas, 1984; Leahy and Colwell, 1990; Lee 
and Merlin, 1999; and Young et al., 2001). However, often, when a major spill occurs in 
marine environments, the availability of nitrogen and phosphorus can become the 
limiting factor for oil biodegradation (Atlas, 1984 and Leahy and Colwell, 1990). 
Microbial activity functions optimally at a certain ratio of carbon: nitrogen: phosphorus 
(Zhou and Hua, 2004). 
PAHs tend to be sorbed on the sediment which then acts as an aggregate of 
numerous complicated organic materials (Xia et al., 2006). Desorption of PAHs from the 
solid phase will lead to a higher PAH concentration near the sediment-water interface. 
Since bacteria degrade organic substrates only when they are dissolved in water 
(Weissenfels et al., 1992 and Johnsen et al., 2005), the accumulation and sorption of 
PAHs in sediment and soil reduce their bioavailability and as a consequence, it retards 
the biodegradation process (Wiessenfels et al., 1992; Bosma et al., 1997; Wilcke, 2000; 
Yuan et al., 2001; and Johnsen et al., 2005). However, Xia et al. (2006), Bogan and 
Sullivan (2003), Lahlou et al. (2000), and Poeton et al. (1999) found that the PAH 
biodegradation rates increased with the sediment content in the water system and when 
the population of PAHs-degrading bacteria on the sediment phase was greater than in the 
liquid phase. Perhaps, the microbial reactions happened in the sediment-water interface. 
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The fate of PAHs in marine environment is determined both by their availability 
after sorption to sediment and biodegradation. Slow desorption rates may limit the 
removal of a portion of the PAHs in sediment, while the removal of a more readily 
available fraction is expected to be affected by biodegradation kinetics. The behavior of 
relatively insoluble polycyclic aromatic hydrocarbons (PAHs) in an aquatic environment 
is controlled by sorption chemistry occurring at a sediment-water interface which process 
depends on the energetic state of the water body (laminar to turbulent conditions). A 
study showed that for a given quantity of PAHs sorbed onto sediment, the corresponding 
equilibrium concentrations reached in the water phase in the sorption process were much 
higher than that in the desorption process (Xia et al., 2006). Sorption reactions generally 
are influenced by three conditions in the aquatic environment (Rand, 1995): (a) the 
distribution between the aqueous phase and particulate matter; (b) the electrostatic 
properties of suspended particle; and (c) reactivity at the surface, including dissociation, 
precipitation, and surface-catalyzed reactions. 
  
2.5 Redox potential status in wetland soil 
 Redox potential values in wetland soil typically range from -300 up to 700 mV, 
while in aerobic soil the redox range is between 300 and 700 mV (DeLaune and Reddy, 
2005). Soil with redox potential 400 mV and higher indicates that oxygen is present in 
the soil even though excess water may also present. Biodegradation in this typical soil, 
where electron acceptor is oxygen, is called aerobic biodegradation. In the absent of 
oxygen, microbial degradation can be divided into facultative/anaerobic biodegradation 
(redox potential is between -100 up to 400 mV) and anaerobic biodegradation (redox 
 
 
19 
 
potential is between -300 up to -100 mV). Alternative electron acceptors for anaerobic 
soil condition can be NO3
-
, Mn
2+
, Fe
3+
, SO4
2-
, and CO2. Table 2.3 shows redox potential 
range in soil, electron acceptors, and microbial redox reaction. 
 PAHs are mostly biodegraded aerobically (Cerniglia, 1992 and Yuan et al, 2001). 
PAHs are also degraded under reducing conditions (Ambrosoli, 2005; Eriksson et al., 
2003; and Coates et al., 1996) as a result of anaerobic bacterial respiration, but at slower 
rate. For example, in Varta soil, used to be a gas work site in Stockholm, Sweden 
(Eriksson et al., 2003), 92% phenanthrene and 71% pyrene were removed in aerobic 
condition compared to only 7% phenanthrene and 1% pyrene that were removed in 
anaerobic condition.  
 
2.6 PAH degrading microorganisms 
The heterotrophic bacteria population size is much larger than that of hydrocarbon 
degrading microorganisms’ population which typically comprises less than 2% of the 
heterotrophic bacteria population several days after oil application (Wright et al., 1997; 
Hollaway et al., 1980; and Atlas, 1981). Population sizes of heterotrophic bacteria, but 
not hydrocarbon degrading microorganisms, are increased by phosphorus application 
perhaps due to the enhancement of algal growth, which may have provided additional 
carbon for heterotrophic bacteria (Wright et al., 1997). Microorganism activity differs at 
different redox potential (Eh): aerobes function at higher Eh, anaerobes function at lower 
Eh, and facultative anaerobes function both at high and low Eh. Another important 
promoter of PAH biodegradation reactions is enzymes with broad substrates (Bauer and  
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Table 2.3 Redox potential in soil and microbial reaction 
(DeLaune and Reddy, 2008) 
 
Soil 
condition Anaerobic Aerobic 
Redox 
condition Highly reduced Reduced 
Moderately 
reduced Oxidized 
Electron 
acceptor 
CO2 SO4
2-
 Fe
3+
 Mn
2+
 NO3
-
 O2 
Microbial 
redox 
reaction 
Anaerobic Facultative/anaerobic Aerobic 
Redox 
potential 
range (mV) 
-300   up to   -100 -100  up to   +400 +400 up  to  +700 
 
Capone, 1988). DeLaune et al. (1990) have found that Eh and pH influence the 
degradation rates of many kinds of organics in Louisiana bottom sediment. 
Pseudomonas species may account for up to 87% of the gasoline-degrading 
microorganisms in contaminated aquifers (Ridgeway et al., 1990). Nonetheless, a mixture 
of many microorganisms is better in PAHs degradation than any single microorganism 
(Fairlee et al., 1997 and Trzesicka-Mlynarz and Ward, 1995). Four different bacteria 
were used in a degradation study of mixed PAHs (fluorene, fluoranthene, pyrene, and 
phenanthrene) by Samanta et al. (1999), namely Arthrobacter sulphureus RKJ4, 
Acidovorax delafieldii P4-1, Brevibacterium sp. HL4, and Pseudomonas sp. DLC-P11). 
They compared degradation of phenanthrene as the sole carbon and energy source with 
degradation of the phenanthrene and others. All the four microorganisms are capable of 
degrading phenanthrene and gave different efficiencies when mixing with others. 
Mycobacteria, aerobic and nonmotile bacteria, have the ability to degrade high-
molecular-weight of PAHs containing four or more benzene ring (Kanaly and Harayama, 
2000). Mycobacteria that are known to be associated with human or animal diseases are 
slow growers, like M. tuberculosis, M. avium, M. bovis, M. leprae, and M. ulcerans, 
whereas most PAH-degrading strains are rapid growers. There are many strains capable 
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of degrading phenanthrene and pyrene, such as Mycobacterium sp. S65 (Sho et al., 
2004); Mycobacterium sp. 1B (Dandie et al., 2004); Mycobacterium sp. 6PY1 (Krivobok 
et al., 2003); Mycobacterium sp. Ap1 (Vila et al., 2001); Mycobacterium sp. C2-3 (Lee et 
al., 2001), and Mycobacterium sp. MR-1 (Molina et al., 1999). Fritzche (1994) even 
found that degradation of pyrene by a Mycobacterium sp. was at low oxygen 
concentrations. 
Pure compounds of PAHs with higher molecular weights are more resistant to 
biotransformation and pure compounds of PAHs with lower molecular weights transform 
more rapidly (Park et al., 1990). However, the presence of one PAH can decrease the 
biodegradation of other PAHs. Yuan et al. (2001) found that with the simultaneous 
presence of phenanthrene, acenaphthene, fluorine, anthracene, pyrene, and 
benzo[a]pyrene, the biodegradation was decreased for phenanthrene and acenaphtene, but 
was enhanced for fluorine, anthracene, and pyrene (while biodegradation of 
benzo[a]pyrene did not occur within a 12-day incubation period). 
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CHAPTER 3 
EXPERIMENTAL MESOCOSM DESIGN FOR THE STUDY OF 
REFRACTORY ORGANIC COMPOUND DEGRADATION IN TIDALLY 
INFLUENCED MARSH WETLAND SOIL 
 
 
3.1 Introduction 
 Mesocosms are useful laboratory tools that complement field studies of 
contaminant impacts on estuary wetlands. They allow researchers to isolate and study 
components of often complex transport and degradation phenomenon that occur 
naturally. They can be particularly useful in untangling the complex natural pathways 
that naturally mitigate the impact of an oil spill in a coastal environment. 
 This paper describes the design rationale for a set of mesocosms fabricated to 
allow replicated analysis of polycyclic aromatic hydrocarbons (PAHs) that were observed 
in field studies to have a high affinity to wetland soil. These problematic refractory 
compounds are not soluble, nor volatile; therefore, slow biodegradation appears to be the 
principal pathway of resolution (Alexander, 1999 and Lu et al., 2011). Although the long 
term design effort was driven by the desire to isolate the potential effects of bioturbation, 
the authors concluded the physical/chemical impacts of the major hydrodynamic feature 
influencing shallow coastal wetland soil, i.e., the periodic exposure of wetland soil as part 
of the tidal cycle, must be mastered first. Thus, the objective of this work is to develop a 
set of compact mesocosms that would facilitate replicated degradation studies of 
refractory organic compounds in a tidally influenced coastal marsh wetland soil. 
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3.2 Background 
A mesocosm is an experimental enclosure which is designed to approximate a 
natural environment under controlled conditions. The physical size of mesocosm 
enclosures can vary from 0.1 m
3
 (Chen et al., 2000) to 400 m
3
 (Harada et al., 1996).  
Two outdoor mesocosm facilities in the United States to study marine oil spill 
ecological impacts in marine and coastal environments are the Marine Ecosystem 
Research Laboratory (MERL) in Narragansett, Rhode Island and the Shoreline 
Environmental Research Facility (SERF; formerly Coastal Oil Spill Simulation) in 
Corpus Christi, Texas. The MERL facility consists of fourteen cylindrical 14 m
3
-
mesocosms. The SERF facility has nine open air rectangular 169 m
3
-mesocosms that 
simulate the low-to-moderate energy intertidal and shallow subtidal environments, such 
as tidal flats and marshes. The source of sea water to these facilities comes from nearby, 
i.e., Lower Narragansett Bay for the MERL and Laguna Madre for the SERF.  
 Smaller and indoor laboratory mesocosms are also used for oil spill impact 
studies, such as by Ohwada et al. (2003) who employed a small-scale mesocosm facility 
in Japan to study the fate of soluble fractions of oil in a mesocosm facility. They 
measured the effects of soluble oil on several marine coastal microorganisms, including 
bacteria, viruses and heterotrophic nano-flagellates. Some other laboratory mesocosms 
for different studies are: a 450-liter mesocosm tank to study direct toxic short term effect 
of azinphosmethyl (AZM), an organophosphate insecticide (Lauth et al., 1996); a 500-
liter mesocosm tank to study the fate of polycyclic aromatic hydrocarbons (Yamada et 
al., 2003); a modular estuarine mesocosm to study the uptake of endosulfan as the model 
contaminant (Pennington et al., 2004); and a mesocosm to study the reaction of some 
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microbial communities to environmental change (Sala et al., 2000). Indoor mesocosms 
should be used to complement outdoor mesocosms and/or field studies.  
 Polycyclic aromatic hydrocarbons (PAHs) which are abundant in crude oil are a 
group of refractory organic compounds which are degraded slowly in the environment. 
PAHs are composed of two or more aromatic (benzene) rings which are fused together 
when a pair of carbon atoms is shared between them. Phenanthrene, a three-benzene-ring 
PAH, can be found primarily in petroleum. It can also be found naturally in Louisiana 
coastal wetlands from the natural occurrence of oil seeps (Kennish, 1996). Most PAHs 
are very low in solubility, and partition out of the water column to stay into the coastal 
wetland sediments where they bind with organic or mineral surfaces (Xia et al., 2006, 
Wiessenfels et al., 1992; Bosma et al., 1997; Wilcke, 2000; Yuan et al., 2001; and 
Johnsen et al., 2005). They would be deposited in sediment and wetland soil (Zaghden et 
al., 2007 and Gao and Zhu, 2004). Therefore, PAH concentrations in seafloor sediment 
are greater by a factor of 1000 or more than in the water column (Kennish, 1996). 
PAHs, from crude oil spills and other sources, are the major toxic chemical of 
concern in coastal environments (Filipkowska et al., 2005 and Lors et al., 2009). Crude 
oils spilled at sea are immediately subject to a wide variety of weathering processes that 
affect their chemical compositions and physical properties (Kaplan et al., 1997; Wang et 
al., 1994; Bence et al., 1996; Short and Heintz, 1997; Wang et al., 1995, Wang et al., 
1998, Page et al., 1996; Sauer et al., 1993). After several days of weathering processes, 
most of the spilled crude oil components are expected to have relatively low 
concentrations when they reach the coastal wetland, but, PAHs persist.  
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Biodegradation is the major environmental process that controls the fate of PAHs 
in both terrestrial and aquatic ecosystem (Lu et al., 2011). The tendency of PAHs to 
absorb sediment results in a low bioavailability (Cerniglia, 1992 and Taylor and Jones, 
2001).  On the other hand, sediment organic matter encourage microbial PAH 
degradation that make PAHs subject to appreciable biodegradation in sediments. 
However, continually submerged sediment is largely anaerobic and here the PAHs often 
undergo only slow degradation (Alexander, 1999).  
Tidal cycles in marsh wetland systems are one of the most important processes 
affecting refractory organic compound degradation since the mixing due to the cycles 
supplies dissolved oxygen to the intertidal wetland soil as the water level decreases and 
drains from the soil. Coastal marsh soils, subject to fluctuating water levels (Reddy and 
DeLaune, 2008), have different PAH degradation rates between two type wetland soil: 
continuously wet (subtidal) wetland soil and intermittently wet and drained (intertidal) 
wetland soil. The intertidal wetland soil has better gas exchange and oxygen transfer than 
the subtidal wetland soil. Dissolved oxygen added to the system due to tidal cycles 
enhances the organic compound degradation in the intertidal soils, speeding degradation. 
Topographical and geographical features of coastal tidal wetlands govern whether 
the wetland soil is intertidal or subtidal. The cycles and heights of the tides vary from 
place to place. Tides of diurnal cycle occur along the northern shore of the Gulf of 
Mexico. In contrast, the Atlantic coast of the U.S. has semi diurnal cycle, two high and 
two low waters each tidal day (Thurman, 1994). The largest tidal range in the world is 
found in Nova Scotia’s Bay of Fundy, which splits into two narrow basins. The tidal 
range at the mouth of the bay is 2 m and increases to 17 m in the northern end of the 
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basin. However, along the Louisiana coast, normal tide range is about 30 cm; tides of 
only 10 cm are not uncommon in this area (Nyman and Chabreck, 1996 and Chabreck, 
1972). 
 Lauth et al. (1996) and Pennington et al. (2004) recognized the importance of 
tidal fluctuations in their mesocosm designs. The water from a reservoir for tidal water 
storage was pumped to the mesocosms tanks to create high tides and the water was 
released back to the storage reservoir to create low tides in the mesocosm tanks. While 
the mesocosms designed by Lauth et al. (1996) shared a common reservoir, each 
mesocosm by Pennington et al. (2004) contained its own reservoir. 
Besides tidal cycles, coastal wetlands also experience flushing every day. 
Flushing refers to water that is carried away from a wetland system and does not return to 
the wetland in a subsequent tidal cycle. The water is replaced by clean water from the 
deep ocean which then resides in the coastal area and is mixed with the coastal water 
before being flushed back. The average residence time of ocean water in coastal areas is 
different from site to site. Two different Louisiana estuaries, Breton Sound and Barataria 
Basin, have average residence times of 10 to 15 days and 12 to 35 days, respectively 
(Wissel et al., 2005).  
   
3.3 Mesocosm design 
The compact experimental mesocosm is about 31-liter (40 cm x 22.5 cm x 35cm) 
and made of acrylic. The major mesocosm components are an air chamber, a low tray and 
a high tray (placed above the air chamber inside the mesocosm tank), a dilution tank, and 
an overflow outlet hole (Figure 3.1). The air chamber is built inside the tank using acrylic  
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Figure 3.1 Schematic of a tidally influenced marsh wetland soil mesocosm for 
degradation study of refractory organic compounds 
 
with an upside down “u” shape about 50 mm shorter than the tank and hanging 5 mm 
from the bottom. The air chamber’s shorter length compared to the tank makes a conduit, 
which functions as a chute (connection slot) for the water to flow in and out of the air 
chamber. The tank is filled with about 12 liters of artificial or natural sea salt water. A 
pneumatic system controls the water levels inside the tank which are related to tidal 
cycles. When the air volume inside the air chamber is low, water from the mesocosm 
tank flows to the air chamber through the chute to create a low tide. When the air volume 
inside the air chamber is high, water is pushed out from the air chamber through the chute 
into the mesocosm tank creating a rising tide. So, the low tide relates to the low air 
volume and the high tide relates to the high air volume. 
The lower and the higher trays are also made of acrylic with the size of 15 cm x 
20 cm x 5 cm (volume = 1.5 liters), with some 2-mm holes at the bottom for vertical 
water infiltration. Figure 3.2 shows the steps in preparing a wetland soil tray. A piece of 
Chute or connection slot 
hole 
Overflow hole 
Air chamber 
Lower tray for 
the subtidal 
wetland soil 
Dilution tank 
Higher tray for 
the intertidal 
wetland soil 
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Figure 3.2 Pictures of steps in preparing the soil tray 
 
geotech cloth or garden cloth is placed on the bottom of the tray before a 1-cm depth of 
sand is added; then, another piece of geotech cloth is placed on top of the sand. About a 
3-cm depth of soil is placed on top of it, leaving about 1 cm of freeboard.  
The lower tray of wetland soil, which is always submerged, represents the 
subtidal wetland soil.  The upper tray of wetland soil, which is flooded periodically, 
represents the intertidal wetland soil. The subtidal wetland soil is always under water for 
high and low tidal status. The water depth above the soil fluctuates due to tidal cycles. 
During high tides, the intertidal wetland soil is covered by about a 5 cm-depth of water; 
the water level drops about 8 cm during low tides, which exposes the intertidal soil to the 
atmosphere. 
The dilution tank placed on top of the mesocosm tank is also made of acrylic with 
a size of about 22.5 cm x 10 cm x 15 cm to hold 1.2 liters of clean sea salt water, which is 
10% of the water inside the tank. The resident time in this case is 10 days to simulate the 
average residence time of ocean water in Louisiana coastal areas of 10 to 35 days (Wissel 
et al., 2005). The clean salt water from a storage tank (not shown in Figure 3.1) is 
pumped to the dilution tank through a pipe for about two minutes every day. The dilution 
 
Tray with some sieves 
to let the water pass 
Covered with 
geotech cloth 
Filled with 1-cm 
depth sand 
Covered with 
geotech cloth again 
Added with 3-cm 
depth soil 
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tank is equipped with a float valve to assure a fixed dosage. The water drops slowly 
(about 10 mL/min) from the dilution tank to the mesocosm tank to assume mixing; small 
waves are created due to the dilution water dripping to the tank. The drips stop at about 2 
hours after they start. At this point, the water level in the mesocosm tank almost reaches 
the overflow outlet (Figure 3.1) and the tank holds more than 12 liters water. 
As mentioned earlier, tidal movements in the mesocosm system can be simulated 
by controlling the air pressure cycle in the air chamber diurnally; for example, half day 
maximum and half day minimum. When the air volume inside the air chamber increases 
and pushes the water out to the mesocosm tank through the chute or connection hole, the 
water level in the tank increases to simulate a rising tide. After the water inside the 
mesocosm tank reaches the overflow outlet (highest water level or tide), the excess water 
is pushed out from the tank to simulate the water flowing as washout or flushing. Then, 
when the air volume inside the air chamber decreases as the water moves back from the 
mesocosm tank, the water level in the mesocosm tank decreases to simulate a low tide. 
The water volume in the system returns to 12 liters. 
 
3.4 Mesocosms and a master pneumatic system in an experimental setup 
In  an  experimental  setup,   the pneumatic  system  of  the  several mesocosms  
can  be  run simultaneously and controlled by using a master pneumatic tank. Figure 3.3 
shows the diagram of a master pneumatic unit, which controls four mesocosms. The 
master air chamber is connected in parallel to each mesocosm air chamber by tubing so 
the  air  can flow back and forth from the master air chamber to each of the mesocosm air 
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Figure 3.3 Diagram of the master pneumatic unit which controls all mesocosms 
 
chambers. Therefore, the air pressure can be distributed equally among the five air 
chambers (one master air chamber and four mesocosm air chambers). 
The number of passing air holes in the master tank equals to the number of 
replicates. Figure 3.4 shows the schematic diagram of the air passing holes’ placements 
in the master pneumatic tank and a replicate experimental tank. A bypass hole on one 
side of the air  chamber  of  the  master  pneumatic  tank  (master bypass hole, Figure 3.4)  
Electric source 
Timer 
Air pump 
air inflow 
Mesocosm 1 
Mesocosm 2 
Mesocosm 3 
Mesocosm 4 
air chamber 4 
air chamber 2 
air chamber 3 
air flow 1 
air flow 2 
air chamber 1 
Master pneumatic tank  
master air 
chamber 
air outflow 
air flow 4 
air flow 3 
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Figure 3.4 Schematic diagrams of the holes’ placements in the master pneumatic tank 
and a replicate experimental tank 
 
releases extra air from the master air chamber. Air bubbles pass through the master tank, 
but not in the replicate mesocosms. The master air outlet is placed higher than the master 
air inlet. 
The air pressure in the master air chamber can be controlled by balancing the rate 
of air injection with the rate of air release using an electrical air pump. A timer connected 
to the air pump is used to control the time cycles of the air pressure inside the master air 
chamber. The master air outlet valve is left open to the atmosphere all the time; the 
lowest air pressure in the master air chamber occurs when the water level reaches the 
master air outlet (Figure 3.4).  The air pressure inside the master air chamber increases 
when the air is pumped to this chamber by an electrical air pump. In order to push the 
water out of the chamber, the rate of air inflow to the air chamber (Qin) must be higher 
than the rate of air outflow from the air chamber (Qout). After a period of time, the water 
Replicate experimental tank 
water level difference in the air 
chamber in the replicate tank 
Master pneumatic tank 
passing air holes connected 
to each replicate air chamber 
master bypass 
hole 
master air inlet and a valve 
set the Qin 
master air outlet and a valve 
set the Qout 
passing air hole connected to 
the  pneumatic master tank 
water flows 
back and forth 
through a chute 
water flows back and 
forth through a chute 
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level will reach the master bypass hole; this level is the lowest the water can go in the 
master air chamber.  For this purpose, the valve opening of the inflow in the master air 
chamber (Figure 3.4) is set to achieve the desired Qin to simulate the desired tidal cycles. 
In general, Qin = 2 Qout whenever a symmetrical rise and fall is desired. 
When the air pump is shut off, the air pressure in the master air chamber becomes 
low, and the air from the replicates flows back to the master air chamber and out to the 
atmosphere through the master air outlet. The outlet valve is set to achieve the desired 
Qout to set the length of the desired tidal motion. At the same time, the high-tide water 
flows back to the air chamber to create low tides in the tanks. In the master air chamber, 
the water flows back until it reaches the bottom of passing air holes in the master air 
chamber (Figure 3.4), which is about 2 cm below the ceiling of the chamber. By the time 
the water reaches this position, the air pressure in the air chamber equals the atmospheric 
pressure. When the air flows from the master air chamber to the replicates, it flows one 
way until the air volume in the air chambers reaches the highest one to create the highest 
tides. No more air flows to the replicate air chambers. All the air pushing into the master 
air chamber will flow out through the master air outlet. Air bubbles are created through 
the bypass hole in the master pneumatic tank due to some extra flow, but no air bubbles 
are created in the replicates. Air bubbles are avoided in the mesocosm tanks that can 
interfere with the degradation study. 
 
3.5 Experiment conducted using the designed mesocosms 
An experiment was run to test the degradation of phenanthrene, a non-volatile 
refractory organic compound, using the mesocosms. There were five tanks involved in 
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the experimental setup: one master pneumatic tank and four mesocosms (see the sketch in 
Figure 3.5).  The four mesocosms in the experimental system consisted of triplicate 
mesocosm for the sediment with contaminant, and a mesocosm as a control. The master 
pneumatic system controls the pneumatic conditions in the four air chambers of the 
mesocosms, which then controls the tidal cycles in the mesocosms.  
   Wetland soil for this experiment was collected near Empire, LA (Lat. 29° 
27.456'N, Long. 89° 46.841'W). In this experiment the wetland soil was amended with 
phenantherene, a three-benzene-ring polycyclic aromatic hydrocarbon. Wet sediment soil 
(50% moisture content) was placed in a stainless steel mixing pan and mixed thoroughly. 
Then, a 4-ml (1000 µg/ml) aliquot of phenanthrene standard spiking solution (acetone) 
was added to the wet soil and mixed thoroughly for approximately 5 minutes. Some of 
the mix soil was taken for laboratory analysis to get the initial concentration of 
phenanthrene in the soil prior to the experiment. 
Sea salt water was made by mixing instant ocean sea salt mix with tap water to 
have artificial sea water with salinity of about 30 ppt. The tap water used in this study 
was originally disinfected with chloramine to a level of less than 1.4 mg-Cl2/L 
(http://www.brwater.com/water-quality.html). Then the prepared sea water was aerated 
and aged for at least 24 hours prior to introduction to the mesocosms and dilution tanks. 
No microorganism or nutrient was added to the water.  
Tidal cycle simulation in this experiment has equal times for high and low 
(diurnal tidal cycles). The applied tidal cycle is illustrated in Figure 3.6, with the diurnal 
cycle as follows: ten hours high tide, two hours falling tide, ten hours low tide, and two 
hours  rising   tide.    The  tidal  line  inside  the  tank  is  due  to   the  activation  and   the 
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Figure 3.5 Sketch of an experimental setup 
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Figure 3.6 A diagram of the tidal line inside the tank over 24 hours 
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deactivation of the air pump at certain times. During the middle of night the tide 
condition is high since the air pump is active. The air pump is deactivated at 1:00 a.m., so 
the air volume inside the master tank decreases slowly, and the water flows back to the 
air chamber. About two hours after that (at 3:00 a.m.), the master air chamber flooded, 
and the low tide occurs. Ten hours later, at 13:00 p.m., the air pump is activated, and the 
air volume in the master air chamber increases until the water level reaches the master 
bypass hole about 2 hours later (15:00 p.m.), while the water inside the tank is going up 
until it reaches  a  high  tide.  It spends about 10 hours in this position, unti1 1:00 a.m. the 
following day when the air pump is deactivated again to create low tidal cycle. The 
cycles continue along the experiment time. 
Dilution water (about 10% of the water in the system) is added at noon every day 
by dripping it to the system at a flow rate of 10 mL/min. The excess water, called flushed 
water, was discharged from an overflow hole in order to keep the same amount of water 
in the system. 
Core samples of phenanthrene-amended soil were taken every week from the 
higher and the lower trays, giving 8 samples. Each sampling required two straws: one for 
the core sampling and the other one for the core backfilling. Both sides of the sampling 
straw were covered with aluminum foil. The sampling straw with the soil sample in it 
was placed in the refrigerator in the laboratory until analysis. Every time after a sample 
had been taken using a sampling straw, an empty straw as a backfilling straw was placed 
to occupy the open hole that remained due to core sampling. The backfilling straw 
provided support to avoid collapsing of soil into the core sampling hole, which may 
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affect its soil structure. This approach minimized any oxidation due to the sampling 
process (see Figure 3.7).  
Soil samples were weighed and placed in a 50-ml polypropylene extraction 
centrifuge vial.  Approximately 2 g of anhydrous sodium sulfate and 1 g each of activated 
silica gel and alumina were added to the sample vial.  Approximately 10 ml of 
dichloromethane (DCM) was added to the sample vial and tightly sealed.  The vials were 
placed on a vortex mixer (Lab-line Super-mixer) for 1 minute.  Sample vials were 
immediately removed from the mixer and ultrasonicated using a high-intensity pulsed 
microprobe sonication device (QSonica LLC, Model Q700) for approximately 3 minutes.  
The DCM supernatant was poured into a concentration thimble device and concentrated 
to a final volume of 200 µl.  The 200 µl aliquot was placed in a 2-ml autosampler vial, 
and 2 µl of internal standard was added prior to capping.  The sample extracts were 
analyzed on a HP 5890 GC/ 5972 series mass selective detector using EPA Method 8270. 
 
3.6 Results and discussion 
 The laboratory analyses results show that the initial concentration of phenanthrene 
in the soils in the experimental mesocosm tanks is 159.83 µg/kg (± 13.23 µg/kg). 
Phenanthrene was not detected in the control mesocosm. Table 3.1 provides the 
laboratory results of phenanthrene concentrations with their standard deviations over 
time. The experimental data shows only slight difference among the three replications of 
the laboratory mesocosms. The highest standard deviations of data are on the early days 
of experiment; i.e.,   day 10 and day 17 for the intertidal and the subtidal wetland soils, 
respectively. Phenanthrene concentrations in both wetland soils were reduced over time.  
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Figure 3.7 Backfilling straws in the soil: the numbers of straws equal the number of 
samplings (left is the backfilling for the first sampling); the closest straws are in the 
intertidal wetland soil 
  
Table 3.1 Experimental results: phenanthrene concentrations 
in the subtidal wetland soil and in the intertidal wetland soil 
 
Day 
Phenanthrene concentration (µg/kg) in the 
Subtidal wetland soil Intertidal wetland soil 
Average SDV Average SDV 
0 159.83 13.51 159.83 13.51 
10 142.67 7.02 106.03 20.95 
17 112.67 10.26 75.70 8.15 
24 93.97 8.39 65.17 3.41 
31 75.20 5.68 54.03 4.21 
38 63.53 8.50 30.00 0.72 
45 60.23 9.24 22.60 2.10 
52 47.90 4.13 18.87 1.12 
59 44.60 4.09 17.03 1.07 
71 41.23 4.67 15.47 0.81 
79 38.10 3.93 14.17 0.40 
87 33.33 2.15 10.97 0.96 
94 29.20 1.20 9.12 0.98 
101 24.93 2.04 7.84 0.44 
108 22.43 0.85 7.42 0.54 
 
By the last day of the experiment about 86% and 95% phenanthrene was removed from 
the subtidal and the intertidal wetland soils, respectively. 
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Figure 3.8 shows that phenanthrene concentrations were degraded faster in the 
intertidal wetland soil, especially for the first month. After two months, the degradations 
in both subtidal and intertidal wetland soil were very slow as shown by almost plateau 
lines  for  both  wetland  soil  (Figure 3.8).    It    is    expected    that    the    phenanthrene 
concentrations degrade in the wetland soils through mostly microbial activities. 
Dissolved oxygen is assumed to be the primary electron acceptor in degrading organic 
compounds in both types of wetland soil (subtidal and intertidal). Greater degradation in 
the intertidal wetland soil is expected than that in the subtidal wetland soil due to the 
oxygen resupply from the tidal cycles near the soil surface. The intertidal wetland soil is 
exposed to the atmosphere for about 10 hours at low tides daily. Draining and wetting 
conditions due to tidal cycles are suspected to add more dissolved oxygen to the 
soil/sediment water interface of the intertidal wetland soil.  The facultative condition of 
the intertidal wetland soil is favorable for microbial degradation. On the other hand, the 
subtidal soil, which is always wet, creates continues anaerobic conditions for most of the 
profile where anaerobic bacteria are less effective in degrading the PAH compound. In 
the subtidal soil alternate electron acceptors will be used, such as nitrate, iron oxides, 
manganese oxides, sulfate, and carbon dioxide, that makes these anaerobes function less 
efficiently and aerobes using oxygen as the electron acceptor in respiration. 
The degradation processes both in the subtidal and the intertidal wetland soils 
follow a first order kinetics reaction, which is typical for organic compound degradation. 
Coefficients  of  determination (R
2
)  to fit  first  order  kinetic  reactions  are  0.9725  and 
0.9482 for the data sets of the subtidal and the intertidal wetland soils, respectively. The 
decay  rates   of  phenanthrene  in  the  subtidal   and   the  intertidal  wetland  soils   were 
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Figure 3.8 Phenanthrene concentrations decrease 
 
compared statistically using nonlinear procedure in SAS. The statistical analysis showed 
that the decay rate in the intertidal wetland soil (3.84% day
-1
) is significantly different 
from the decay rate in the subtidal wetland soil (2.07% day
-1
).  
 The wetland soil for an experiment can be prepared for specific physical and 
chemical characteristics to simulate a certain environment, but the soil/sediment taken 
from the study site is preferable if possible. Each site may have somewhat different soil 
characteristics. For example, the content of organic matter in marsh wetland soil in 
Wisconsin is about 41% (Reddy and DeLaune, 2008 and Fearnley, 2008); it is only 
0.17% in Port Fourchon Beach, LA (Urbano, 2011); and it is 38% for the soil in this 
study. Nutrients in the soil also influence an organic compound’s degradation as 
heterotrophic bacteria to degrade the substrate require a group of nutrient elements and an 
electron acceptor, in addition to organic compounds that serve as a source of carbon and 
energy. For example, degradation of hydrocarbons from oil spills is enhanced by 
providing nitrogen, phosphorus, and potassium nutrients (Manahan, 2004; Xu and 
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Obbard, 2003; Atlas, 1981; and Mearns, 1997). Therefore, different sites with different 
soil compositions will react differently in organic compound degradation.  
 Some advantages of the compact mesocosm are that it is portable, cost effective, 
easy to manage, and reliable. Due to its compactness, the mesocosm tanks can be moved 
around easily. Core sampling can be performed easily using straws. Experiments can be 
replicated and the data produced is reliable and gives enough information for baseline 
refractory organic compounds degradation studies. Each mesocosm tank has its own 
water storage to keep it independent from the other replicates. If a similar pneumatic 
system of this design is applied to larger mesocosms, the recycling of water within the 
system itself will save some water without losing the replicate’s interdependency. When 
laboratory space is limited, this compact mesocosm is useful for replicated degradation 
studies laying a foundation for the design and interpretation of field studies. 
  Some issues could be important to consider in using this design, such as cross 
contamination, the real hydraulic and hydrodynamic conditions in the field, possible 
effects of bioturbation, and the material compatibility. Cross contamination among 
replicates may happen through the air in the air chambers but not through the water. This 
mesocosm design is suitable for non-volatile refractory organic compounds. To fit the 
design much closer to real field conditions, the mesocosm volume should be made larger 
and some complex equipment and controls can be used to apply hydraulic and 
hydrodynamic conditions which can simulate closely the site conditions being studied. To 
study the possible effect of bioturbation in organic compound degradation, the mesocosm 
could be designed to have a larger volume of soil. Before using this design, chemical 
compounds to study should be compatible with acrylic. If the compound is somewhat 
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compatible, larger area of soils may be required in a mesocosm and only the central part 
will be studied to minimize wall effects. In short, most of the potential problem issues 
could be dealt with by making larger mesocosms. 
The replicate mesocosms are independent to each other only when non-volatile or 
very low-volatile organic compounds are examined. Therefore, this compact mesocosm is 
well suited for the study of non-volatile or low-volatile refractory organic compounds. If 
the air really has to be independent or highly volatile compounds are being tested, an 
activated carbon filter as part of the air passage should be placed between the master air 
chamber and the replicate air chambers. The activated carbon filter is placed in the tubing 
between passing air holes in the master air chamber and air holes in each replicate air 
chamber.  The volatile organic compound from the master air chamber and replicate air 
chambers can be absorbed to the filter during the air travel.  
 
3.7 Conclusion 
The compact mesocosm developed here was shown to be a useful, 
complementary, tool to evaluate phenanthrene degradation in the subtidal and the 
intertidal wetland soils simulated in the mesocosm. The mesocosm design is compact as 
the tidal water is recycled within the tank itself with the air chamber built inside the tank. 
The tidal cycles in all replicates can be controlled using one master pneumatic tank. The 
experimental results of phenanthrene degradations in marsh wetland soil using this 
mesocosm follow typical first order reaction curves. An activated carbon filter may be 
placed between the master air chamber and replicate air chambers when a volatile 
compound is tested using this compact mesocosm. 
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CHAPTER 4 
COMPARISON OF PHENANTHRENE, PYRENE, AND 
BENZO[E]PYRENE DEGRADATION RATES IN THE SUBTIDAL 
AND THE INTERTIDAL MARSH WETLAND SOIL 
 
 
4.1 Introduction 
Research studies related to oil pollution have been a subject of global interest as a 
large number of toxic substances are transported into marine ecosystems. For example, 
the oil spills in the pelagic zone of the Gulf of Mexico have swept oil into Louisiana salt 
marshes by tidal movements and winds. Salt marshes, characterized by emergent soft-
stemmed vegetation adapted to saturated soil conditions, are key component of coastal 
wetlands in the southern part of Louisiana. They provide nursery support for estuarine 
organisms and they provide habitat for numerous species of fish, birds, and vertebrates. 
Oil spills, which contain of toxic polycyclic aromatic hydrocarbons (PAHs), have 
impacted these valuable ecosystems. 
Most PAHs from crude oils and other sources in coastal areas will end up in soils 
and sediments because of their low solubility in water. However, the presence of 
microbial organisms and oxygen and other electron acceptors makes it possible for PAH 
biodegradation in wetland soils. Microbes in the coastal marsh environments will break 
down organic substances in crude oil and other sources though sometimes relatively 
slowly. 
The effect of tidal actions on PAH degradation can be studied in mesocosms, 
which are physically confined and self-sufficient systems. Mesocosms allow for controls 
in experiments and lend themselves to effective cost studies. In addition, experiments 
using mesocosms can be run with many replicates which are not possible in field studies. 
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Mesocosm designs may have features essential for studies of degradation and long term 
effects, such as wave and tidal actions, which are suspected to play roles in degrading 
polycyclic aromatic hydrocarbons in coastal water and wetland soils.  
Three PAHs, phenanthrene (Phe), pyrene (Pyr), and benzo[e]pyrene (BeP), with 
different chemical properties and structures are expected to display different degradation 
rates in wetland soil. The objective of this study is to compare the degradation rates of the 
three polycyclic aromatic hydrocarbons (Phe, Pyr, and BeP) in subtidal and intertidal 
marsh wetland soil in a laboratory mesocosm.  
 
4.2 Background 
Polycyclic aromatic hydrocarbons are toxic compounds that can accumulate in 
sensitive coastal environment (Filipkowska et al., 2005 and Lors et al., 2009). Crude oil 
abundant with polycyclic aromatic hydrocarbons (PAHs) causes major problems when 
spilled into marine ecosystems (Shin, 1998; Wright et al., 1997; and Jackson, 1996). 
Crude oils spilled at sea are immediately subject to a wide variety of weathering 
processes that affect their chemical compositions and physical properties (Kaplan et al., 
1997; Wang et al., 1994; Bence et al., 1996; Short and Heintz, 1997; Wang et al., 1995, 
Wang et al., 1998, Page et al., 1996; Sauer et al., 1993). After several days of weathering 
processes, many of the spilled crude oil components are expected to have relatively low 
concentrations when they reach coastal wetlands; PAHs persist.  
Most PAHs have low water solubility and tend to partition in sediments and soils. 
The higher the number of benzene rings, the heavier the molecular weights, the lower the 
solubility. Due to their hydrophobicity, PAHs tend to bind with organic or mineral 
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surfaces, resulting in a low bioavailability (Cerniglia, 1992 and Taylor and Jones, 2001). 
Compounds considered hydrophobic typically have water solubility < 100mg/L and Kow 
> 10
2
 (Elzerman and Coates, 1987). Based on these criteria, PAHs are hydrophobic; for 
example, phenanthrene (three-benzene-ring PAH) has only 1.2mg/L of solubility and 
10
4.45 
of Kow. PAH concentrations are greater (a factor of 1000 or more) in seafloor 
sediments than in the water column (Kennish, 1996).  
After a near shore oil spills the PAHs end up accumulating in the coastal soils 
(Zaghden et al., 2007 and Gao and Zhu, 2004). The spilled and weathered oils may cause 
acute and long-term damage to salt marshes and mangroves (Burns et al., 1993; Lin and 
Mendelssohn, 1996; Reilly, 1999; and Pezeshki et al., 2000). Even though Wright et al. 
(1996 and 1997) indicate that the existence of salt marsh plant (Spartina alterniflora) 
does not significantly affect oil degradation compared to treatments without wetland 
plants, PAHs in crude oils should be degraded biologically in coastal marsh wetland 
soils. The plants do affect bacterial assemblages which then may affect the water quality 
(Collin et al., 2004) and the sediment-water systems of Louisiana coastal environment 
provide a wide range of microhabitats for microbial activity (DeLaune et al., 1990).  
Marsh wetlands can be divided into two categories based on water regime: tidal 
and non-tidal marsh wetlands. A tidal marsh is influenced by oceanic tidal movements 
since the water regime where this type of marsh is located is largely determined by 
oceanic tides. On the other hand, the water in a nontidal marsh is not influenced by 
oceanic tides. Wave and tidal actions and topographical conditions govern whether 
wetland soil will be submerged all the time (subtidal wetland soil) or subject to periodic 
exposure to the atmosphere as it is emerged (intertidal wetland soil).  
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Tidal salt marsh wetlands, halophytic grasslands found in the middle and high 
latitudes along protected coastlines, accelerate PAH biodegradation. Coastal marsh 
wetland soil, where water levels fluctuate daily (Reddy and DeLaune, 2008), displays 
different redox potential between the two types of wetland soil (subtidal and intertidal). 
Alternate wet and drained conditions encourage intertidal wetland soil more oxygen 
transfer compared to that in the subtidal wetland soil. The increased oxygen availability 
(high redox potential) is associated with increased degradation rates of organic 
contaminants. 
There are many kinds of PAHs but three different types of important PAHs are 
phenanthrene (three-benzene rings), pyrene (four-benzene rings), and benzo[e]pyrene 
(five-benzene rings) which are found in crude oil. The log Kow of these three PAHs is 
more than 4 (Table 4.1). Phenanthrene is a primary PAH in petroleum; and its pathways 
for oxidation, volatilization, and bioconcentration are not expected to be significant. 
Pyrene is a somewhat petrogenic PAH found in many petroleum products which may be 
subject to appreciable biodegradation in soil. Benzo[e]pyrene occurs ubiquitously in 
products of incomplete combustion. Phe, Pyr, and BeP can also be found naturally in 
Louisiana coastal wetlands from the natural occurrence of oil seeps (Kennish, 1996). 
When released to the water, these PAHs will adsorb strongly to sediments which will 
remove them from solution. BeP is more likely to persist in soil compared with Phe and 
Pyr; as heavier PAHs are more persistent than the lighter ones (Shuttleworth and 
Cerniglia, 1995 and Heath et al., 1993).  
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Table 4.1 Chemical and physical properties 
of phenanthrene, pyrene, and benzo[e]pyrene 
 
PAHs 
Molecular 
Structure 
and 
Formula 
Molecular 
Weight 
(g/mol) 
Aqueous 
solubility at 
25 C 
(mg/L) 
Henry’s Law 
Constant 
(atm.m
3
.mol
-1
) 
Log Kow 
Phenanthrene 
 
C14H10 
178.2 1.20 2.56E
-5
 4.45 
Pyrene 
 
C16H10 
202.3 0.077 1.14E
-5
 4.88 
Benzo(e)pyrene 
 
C20H12 
252.3 0.0063 2.38E
-5
 6.7 
 
4.3 Materials and methods 
Mesocosms 
A mesocosm used in this study is a 31-liter handmade-acrylic tank with an air 
chamber built inside the tank. The chamber has an upside down “u” shape that allows  
water to flow in and out of it through vertical chutes (connection slots) created by the 
chamber. Two trays of wetland soil are placed on top of the air chamber: one is higher 
than the other (Figure 4.1). The lower one is for the subtidal wetland soil which was 
submerged constantly and the higher one is for the intertidal wetland soil which should be 
intermittently exposed to air by simulated tidal cycles. The soil tray, 1.5-liter in volume, 
is also made of acrylic. It has some holes at the bottom for water’s vertical infiltration. A 
piece of geotech cloth or garden cloth was placed on the bottom of the tray to hold a 1-cm 
depth of sand; another piece of geotech cloth was placed on top of the sand to hold about 
a 3-cm depth of prepared soil. There was 1 cm free board on top of the soil to keep the 
sediment in the tray throughout the experiment. 
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Figure 4.1 Diagram of marsh wetland mesocosm for PAH degradation study 
 
The tank is filled with about 12 liters of artificial sea salt water which was made 
by mixing instant ocean sea salt mix with tap water to have artificial sea water with 
salinity of about 30 ppt. The tap water used in this study was originally disinfected with 
chloramine to a level of less than 1.4 mg-Cl2/L (http://www.brwater.com/water-
quality.html). Then the prepared sea water was aerated and aged for at least 24 hours 
prior to introduction to the mesocosm and dilution tanks. No microorganism or nutrient 
was added to the water.  
The water level inside the tank is controlled by the air volume inside the air 
chamber in the tank which also functions as tidal water storage. When the air volume is 
high inside the air chamber, a high tide is created inside the tank since the water flows out 
from the air chamber. On the other hand, when the air volume in the air chamber is low, a 
low tide is created inside the tank since the water flows back in.  
A flushing water tank (dilution tank) is built separately and placed above the tank 
(Figure 4.1); the dilution tank is filled daily with clean sea salt water (around 30 ppt) 
Air chamber which can function 
as a tidal water storage 
Intertidal wetland soil 
Subtidal wetland soil 
Dilution tank  
Overflow hole to simulate 
washing-out water 
About 1 cm opening as a 
chute (connection slot) 
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about 10% of the total volume of water in the tank. The dilution water drops to the tank at 
a flow rate of 10 ml/min. The dilution and the water flushing in this experiment are to 
simulate the residence time of ocean water in Louisiana coastal areas which have an 
average of 10 to 35 days (Wissel et al., 2005). During high tides after the dilution water is 
applied, the excess water is discharged through the overflow hole in order to keep the 
same amount of water in the system. This is to mimic the water flowing (washout or 
flushing) from the coastal area to deep ocean where it is being diluted more.  
 
Wetland soil preparation 
Marsh wetland soil in this study was collected from Empire, LA (Lat. 29° 
27.456'N, Long. 89° 46.841'W. The wetland soil was amended with phenantherene, 
pyrene, and benzo[e]pyrene (a three-, four-, and five-benzene-ring polycyclic aromatic 
hydrocarbon). Wetland soil (50% moisture content) was placed in a stainless steel mixing 
pan and mixed thoroughly. Phenanthrene (Phe), pyrene (Pyr), and benzo[e]pyrene (BeP) 
stock solutions were obtained from Absolute Standards Inc. To make contaminated marsh 
wetland soil a 4-ml (1000 µg/ml) aliquot of each Phe, Pyr, and BeP standard spiking 
solution (acetone) was added to the soil which was then mixed thoroughly for 
approximately 5 minutes using an electric mixer. No additional microorganisms, nor 
nutrients, were added to the soil mix as it was assumed the soil was rich with 
microorganisms to degrade hydrocarbons. A small amount of the soil mix was put aside 
for analyses as initial PAH concentration when soil was placed in trays for the 
experiment. 
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Experimental setup 
The experiment consists of five tanks: one mesocosm tank with no contaminant in 
the wetland soil (as a control), three mesocosms tanks (triplicates) which held wetland 
soil spiked with the three PAHs, and one master pneumatic tank.  Each air chamber of the 
four mesocosms is controlled by the master pneumatic tank through parallel connections 
among the air chambers (Figure 4.2), so the four air chambers have the same air volumes. 
The air flows to the master air chamber by activating the air pump which is set by a 
timer. The air volumes of the air chambers control the water levels (tidal cycles) in the 
mesocosm tanks. The  tidal  cycles  for  this  experiment  were  created  by  cycling  the  
water  levels in the system diurnally.  The experiment was run for 108 days and sampling 
was performed every week. 
 
Measuring the redox potential 
A redox electrode with shaft >15 cm long, a calomel reference electrode, and a portable 
pH/Eh meter are required to measuring the redox potential (Eh) in the wetland soil. The 
redox electrode is inserted about two cm below the soil surface. The redox electrode, 
which is inert metal electrode, is connected to the Calomel reference electrode that is in 
contact with the soil pore water. The measurements are recorded in mV when the meter 
readings stabilize. The redox electrode is assured to stay at the same spot as reading is 
taken every hour.   The redox electrode referenced to the saturated calomel electrode will 
give Eh or millivolt readings after corrections are made for the potential of the calomel 
electrode. Temperature has effect on the standard potential of calomel electrode and 
redox electrode. The calomel potentials are 247.3 mV and 244.3 mV at 20 ºC and 25 ºC, 
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Figure 4.2 Diagram of the master pneumatic unit which controls all four replicates 
 
respectively (DeLaune and Reddy, 2005). It is wise to take 245 mV for the correction 
since the temperature is between that temperature ranges. Redox potential or Eh reading 
should be corrected with the reference electrode potential. So, in this study, Eh is defined 
by meter reading + Calomel potential, or, Eh = meter reading + 245 mV. 
 
Sampling 
During the 108 days experiment, core samples of about 2 g of sediments were 
taken weekly from each wetland soil (subtidal and intertidal) in the mesocosms (three 
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replicates and a control) using a clean straw (the sampling straw). After a sample was 
taken, another clean straw was placed to occupy the hole left by sampling to avoid 
affecting the structure of the wetland soil (backfilling straw). Both ends of the sampling 
straw were covered in aluminum foil; then the sample was taken to the laboratory for 
analysis. Figure 4.3 shows a backfilling straw in the wetland soil (one in the intertidal 
wetland soil and one in the subtidal wetland soil) after sampling. 
 
Laboratory analysis 
Soil samples were weighed and placed in a 50-ml polypropylene extraction 
centrifuge vial.  Approximately 2 g of anhydrous sodium sulfate and 1 g each of activated 
silica gel and alumina were added to the sample vial, along with approximately 10 mL of 
dichloromethane (DCM) and the sample vial was tightly sealed.  The vials were placed 
on a vortex mixer (Lab-line Super-mixer, see picture in Appendix E) for 1 minute.  
Sample vials were immediately removed from the mixer and ultrasonicated using a high-
intensity pulsed microprobe sonication device (QSonica LLC, Model Q700, see picture in 
Appendix E) for approximately 3 minutes. The DCM supernatant was poured into a 
concentration thimble device and concentrated to a final volume of 200 µl.  The 200 µl 
aliquot was placed in a 2-ml autosampler vial and 2 µl of internal standard was added 
prior to capping.  The sample extracts were analyzed on a HP 5890 GC/ 5972 series mass 
selective detector using EPA Method 8270. 
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Figure 4.3 A backfilling straw in the intertidal wetland soil 
and another one in the subtidal wetland soil 
 
Degradation modeling 
PAH concentrations from the laboratory analyses were used to assess and calibrate the 
first order degradation reaction model, i.e., C = Co e
-kt
, which is common for hydrocarbon 
decay; where C is the PAH concentration (µg/kg) in the wetland soil at time t, Co is the 
initial PAH concentration (µg/kg) in the wetland soil, and k is the first order rate constant 
of the degradation reaction (% day
-1
). Half-life (day) was calculated for the first  order  
degradation  as t1/2 = ln2/k.  Significant difference of the degradation rate of 
each Phe, Pyr, and BeP in the subtidal and the intertidal wetland soil was assessed using 
P<0.05. All data were processed by the software package of SAS. The comparison wise 
of each compound was analyzed with ANOVA technique to find their significant 
differences. 
 
4.4 Results and discussion 
PAHs were not detectable in the control wetland soil for the whole experiments 
which fits the expectation. The initial concentrations of Phe, Pyr, and BeP both in the 
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subtidal and intertidal experimental wetland soil were 159.83 (±13.51), 168.33 (±10.69), 
and 152.00 (±11.79) µg/kg, respectively. Figure 4.4 shows the PAH concentrations over 
time. PAHs in both the subtidal and the intertidal wetland soil decreased relatively fast at 
the beginning and then slowed down after day 40. Figure 4.4 also shows clearly that the 
three PAHs in the intertidal wetland soil decreased faster compared to those in the 
subtidal wetland soil. 
Even though Phe, Pyr, and BeP have different structures and chemical and 
physical properties, the first order degradation reaction model fit well in both the subtidal 
and the intertidal wetland soil. The differences of degradation rates among the three 
compounds were tested statistically using analysis of variance (ANOVA) for the non-
linear regression model. The comparison to test the differences was performed with two 
treatments: the subtidal and the intertidal wetland soil. Table 4-2 shows the statistical 
comparison of combined PAHs in the subtidal and the intertidal wetland soil. 
Degradation rate of each compound in the intertidal wetland soil is significantly different 
from that rate in the subtidal wetland soil. All Phe, Pyr, and BeP degradation rates were 
higher in the intertidal wetland soil compared to those in the subtidal wetland soil (Table 
4.2). 
Residual Phe, Pyr, and BeP concentrations in this experiment were monitored for 
108 days. Figure 4.5 shows the percentages removal of Phe, Pyr, and BeP in the subtidal 
and in the intertidal wetland soil on day 108. All three PAHs were removed more in the 
intertidal wetland soil compared to those in the subtidal wetland soil. At the end of the 
monitoring time, Phe and Pyr in the intertidal wetland soil had been removed more than 
90%, while BeP removal in the intertidal wetland soil was only 80%. In the subtidal  
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Figure 4.4 PAH concentrations in wetland soil overtime 
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Table 4.2 Comparison of the three PAH degradation rates 
in the subtidal and the intertidal wetland soil 
 
PAH 
first order degradation rates (% day
-1
) 
Note 
Subtidal wetland soil Intertidal wetland soil 
Phe 2.12 3.42 
The rates are significantly 
different  between the subtidal 
and the intertidal soil 
Pyr 1.81 3.11 
The rates are significantly 
different  between the subtidal 
and the intertidal soil 
BeP 1.20 2.50 
The rates are significantly 
different  between the subtidal 
and the intertidal soil 
 
 
Figure 4.5 PAHs removed from the system 
wetland soil, at the end of the monitoring time, none of the PAHs reached 90% removal 
(Phe 86%, Pyr 76%, and BeP 72% removal). 
As can be seen from the data, BeP was more persistent (stayed longer in soil) than 
Phe and Pyr (the two PAHs with lower molecular weights) both in the subtidal wetland 
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soil and the intertidal wetland soil.  The data show that the higher the number of benzene 
rings in PAHs, the higher the molecular weights, and the more persistent the compounds 
are, as was found in Alexander (1999); Shuttleworth and Cerniglia (1995); and Heath et 
al. (1993). 
The half-life of Phe, Pyr, and BeP in the subtidal and the intertidal wetland soil in 
this study ranged from 20 days (Phe in the intertidal wetland soil) to 58 days (BeP in the 
subtidal wetland soil). Each compound in the subtidal wetland soil had different half-life 
time compared to that in the intertidal wetland soil (Table 4.3). Each of the compounds 
reached its half-life time faster (earlier) in the intertidal than in the subtidal wetland soil. 
Zhang (2014) recorded redox potential in this experiment for five consecutive 
days with three redox electrodes in the intertidal wetland soil (as electrodes A, B, and C) 
and one redox electrode placed in the subtidal wetland soil. Although the three electrodes 
in the intertidal wetland soil were placed 2 cm below the surface and 5 cm apart for the 
same 5 diurnal tides, the redox potentials measured are different among the three 
electrode readings (Figure 4.6). The redox potentials in this intertidal wetland soil 
fluctuated from -150 mV to 80 mV during these 5 days. Differences in measuring points 
perhaps are due to the circuiting of water along the probes which contributed to the 
variation of redox. The redox potential of the intertidal wetland soil can be a dynamic 
nonlinear; it can change rapidly in response to flooding and draining. The subtidal 
wetland soil also fluctuated due to the tidal cycles but at a smaller range (almost linear). 
Figure 4.7 shows the comparison of the average redox potential in the intertidal wetland 
soil and the redox potential in the subtidal wetland soil.  
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Table 4.3 Half-life of Phe, Pyr, and BeP 
PAHs 
Number of 
benzene ring 
Solubility 
(mg/L) 
Half-life (days) in 
The subtidal 
wetland soil 
The intertidal 
wetland soil 
Phe 3 0.944 32.7 20.3 
Pyr 4 0.135 38.3 22.3 
BeP 5 0.00086 57.8 31.51 
 
 
 
Figure 4.6 Triplicate redox potential in the intertidal wetland soil 
 
The subtidal wetland soil which is always covered with water creates anaerobic 
conditions where PAHs often undergo slower degradation (Alexander, 1999). Higher 
degradation rates of PAHs in the intertidal wetland soil might be due to an oxygen supply 
to the wetland soil during low tides as the soil surface is exposed to the air. Despite the 
fact that PAHs were degraded faster in the intertidal wetland soil,  the  redox  potential  in 
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Figure 4.7 Comparison of redox potential in the tidally influenced wetland soil 
 
this study didn’t show that the wetland soil was aerobic. Perhaps the electron availability 
due to the exposure to the atmosphere was used quickly by the microorganisms. 
Atmospheric oxygen can diffuse into the wetland soil when the water level is below the 
soil level as shown in Figure 4.8: the schematic diagram showing oxygen diffusion into a 
wetland  soil  (Reddy and DeLaune, 2008).  The  schematic  diagram in Figure 4.8 can 
beused to describe the effect of tidal cycle in enhancing PAHs removal from the intertidal 
wetland soil.  
During high tides the intertidal wetland soil is saturated since all the pores are 
occupied by water (a). During low tides the water level is low; the system creates the 
situation that the water table is below the soil surface (b). Oxygen can be transferred to  
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Figure 4.8 Schematic diagram showing oxygen diffusion into a wetland soil: (a) saturated 
soil conditions and (b) water table below the soil surface 
(after Reddy and DeLaune, 2008) 
 
the intertidal wetland soil above the water table to fill some voids between soil particles 
which are covered by a thin water layer. During this time the outer soil particles with the 
thin water layers become aerobic; and this condition favors some microorganisms in 
utilizing PAHs sorbed on the soil. 
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71 
 
PAH compounds must be in their aqueous phase where microorganisms can 
utilize them as a substrate (Rijnaarts et al., 1990; Volkering et al., 1992; and Bosma et al., 
1997). However, due to their affinity to soil particles, PAH compounds are hardly found 
in the water of the subtidal wetland soil making the degradation slow (by anaerobic 
microorganism with alternate electron acceptor). The condition is different for the 
intertidal wetland soil. During low tides PAH degradation reaction may occur faster in 
the aerobic thin water layers in the fluctuating tidal treatment soil. The small amount of 
water in the thin layers creates the condition where PAH compounds on the top of soil or 
soil particles are diffused to this layer (become aqueous) and then are utilized by 
microorganisms as their source of food and energy. Dissolved oxygen as an electron 
acceptor in the metabolic reaction is provided during the aerobic condition at low tide.  
 
4.5 Conclusion and recommendation 
Future study is required to compare degradation rates for field study and 
laboratory study for the same PAH. At the end of the experiments the total PAHs 
removed from the intertidal wetland soil were higher than that from the subtidal wetland 
soil. The graphs of the PAH concentrations over time show different trends between the 
subtidal and the intertidal wetland soil. Statistically, each of Phe, Pyr, and BeP 
degradation rate was significantly different between the subtidal and the intertidal 
wetland soil. Among the three compounds, benzo[e]pyrene has the lowest solubility and 
is more persistent in the wetland soil. Remediation of PAHs is enhanced in the intertidal 
wetland soil due to the opportunity for the oxygen transfer to the soil during low tides. It 
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can be concluded that tidal actions is one important factor in impacting PAH 
degradations in coastal marshes. 
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CHAPTER 5 
THE EFFECT OF NUTRIENT ADDITION ON THE DEGRADATION 
OF THREE PAH COMPOUNDS IN TIDALLY INFLUENCED 
LOUISIANA MARSH WETLAND STUDIED IN MESOCOSMS 
 
5.1 Introduction 
Nutrients have effects on biodegradation of refractory organic compounds such as 
polycyclic aromatic hydrocarbons; however, the effects may vary depending on the 
microorganism availability and the environment. All cells require more inorganic and/or 
organic carbon than other chemical elements. However, some essential metabolic 
nutrients, such as nitrogen (N), sulfur (S), and phosphorus (P) can become limiting. They 
also require inorganic salts, such as potassium (K), magnesium (Mg), sodium (Na), 
calcium (Ca), and iron (Fe) and a large number of micronutrients, such as zinc (Zn), 
copper (Cu), manganese (Mn), selenium (Se), tungsten (W), and molybdenum (Mo).  
In addition to carbon, bacteria need energy, which is almost always obtained by 
electron transfer from an electron donor to an electron acceptor. Toxic organic 
compounds such as PAHs are generally degraded by heterotrophic microbes utilizing 
organic compound as an energy source. 
Oil spills which contain a lot of carbon in the forms of polycyclic aromatic 
hydrocarbons have been one of the environmental concerns in the Gulf of Mexico. The 
oils with polycyclic aromatic hydrocarbons (PAHs) are swept to coastal regions including 
the Louisiana coastal marsh wetland along the coast line. Biodegradations of PAHs by 
microorganisms take place in the ocean and continue more in the coastal marsh wetlands. 
Biodegradation rates can depend on the availability of nutrients for microorganisms to 
maintain their cells and to grow. Studying the effect of nutrients in the PAH 
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biodegradations will help us understand some techniques to enhance the biodegradation 
processes.  
Three PAH compounds, phenanthrene (Phe), pyrene (Pry), and benzo[e]pyrene 
(BeP), were amended to marsh wetland soil. Some of the PAHs amended wetland soil 
(subtidal and intertidal) was added with nitrogen (N) and phosphorus (P). The 
degradations of the three PAHs were compared between the wetland soil (both types: 
subtidal and intertidal) with and without the N and P addition. The experiments for both 
degradations (with and without nutrients addition) of the three PAHs were studied in a set 
of laboratory mesocosms which simulated coastal marsh wetland influenced by tidal 
cycles. 
 
5.2 Background 
Each major element in our environment has multiple specific functions in 
bacterial cells (Table 5.1, after Todar, 2009). Nutrient elements make up a smaller 
fraction of a cell’s dry weight compared to carbon and oxygen but their functions in 
enzymatic reactions are significant. Among the nutrient elements, more nitrogen and 
phosphorus are required compared to other nutrient elements to have microbial 
metabolism function well.   
The supply of K, S, Mg, Ca, Fe, and micronutrient elements in environments is 
almost always greater than the demand (Alexander, 1999). Most bacteria can convert 
sulfate or sulfide to the organic form which is required for protein synthesis. Iron (Fe), 
which is a particularly important nutrient and abundant element in the earth’s crust, is 
required for the growth of almost all organisms. In aerobic environments at neutral pH  
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Table 5.1 Major elements, their sources and functions in bacterial cells 
(after Todar, 2009) 
 
Element 
% of dry 
weight Source Function 
Carbon (C) 50 organic compounds or CO2 Main constituent of cellular material 
Oxygen (O) 20 
H2O, organic compounds, 
CO2, and O2 
Constituent of cell material and cell water; 
O2 is electron acceptor in aerobic 
respiration 
Nitrogen (N) 14 
NH3, NO3, organic 
compounds, N2 
Constituent of amino acids, nucleic acids 
nucleotides, and coenzymes 
Hydrogen (H) 8 
H2O, organic compounds, 
H2 
Main constituent of organic compounds 
and cell water 
Phosphorus (P) 3 inorganic phosphates (PO4) 
Constituent of nucleic acids, nucleotides, 
phospholipids, LPS, teichoic acids 
Sulfur (S) 1 
SO4, H2S, S
o
, organic sulfur 
compounds 
Constituent of cysteine, methionine, 
glutathione, several coenzymes 
Potassium (K) 1 Potassium salts 
Main cellular inorganic cation and cofactor 
for certain enzymes 
Magnesium 
(Mg) 
0.5 Magnesium salts 
Inorganic cellular cation, cofactor for 
certain enzymatic reactions 
Calcium (Ca) 0.5 Calcium salts 
Inorganic cellular cation, cofactor for 
certain enzymes and a component of 
endospores 
Iron (Fe) 0.2 Iron salts 
Component of cytochromes and certain 
nonheme iron-proteins and a cofactor for 
some enzymatic reactions 
 
values, ferrous iron (Fe in the +2 state) is oxidized to ferric iron (Fe in the +3 state), 
which is virtually insoluble in water and unable to enter cells. In anaerobic environments, 
Fe can exist in the more soluble ferrous state and is readily available to bacteria.  
Usually, the nutrients which are in short supply are N, P, or both. Low levels 
of phosphate in many environments, particularly in water, can be a limiting factor for the 
growth of bacteria. The capability of a living organism to incorporate nitrogen 
from ammonia is widespread in nature, and bacteria differ in their ability to convert other 
forms of nitrogen, such as nitrate in the soil or dinitrogen gas (N2) in the atmosphere, into 
cell material.  
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Biodegradation through microbial metabolism is the major mechanism of PAH 
removal from the soil/sediment (Manahan, 2000; Alexander, 1999). More than 200 
bacterial, algal, and fungal genera, encompassing over 500 species, have been recognized 
as capable of hydrocarbon degradation (Head et al., 2006 and Yakimov et al., 2007). 
Some bacteria capable of degrading hydrocarbons are micrococcus, pseudomonas, 
mycobacterium, and nocardia; Pseudomonas species may account for up to 87% of the 
gasoline-degrading bacteria in a contaminated aquifer (Seo et al., 2009 and Ridgeway et 
al., 1990). 
Heterotrophic bacteria require several nutrient elements and an electron acceptor, 
in addition to an organic compound that serves as a source of carbon and energy. It is also 
common that the greater growth on the pollutant C is the greater demand for electron 
acceptor (Pritchard et al., 1992 and Sveum and Ramstad, 1995). The primary electron 
acceptor as a source of energy for microorganisms to utilize hydrocarbons and many 
other carbon (C) compounds is oxygen (O2). It is generally acknowledged that the 
biodegradation of petroleum hydrocarbons in oil-contaminated marine foreshore 
environments can be accelerated by the application of nutrients (Atlas, 1981 and Mearns, 
1997). For example, the addition of phosphorus increased the microbial activity in a 
diesel fuel contaminated site (Mills and Frankenberger, 1994) and degradation of 
hydrocarbons from oil spills is enhanced by providing N, P, K nutrients (Manahan, 2004; 
Xu and Obbard, 2003). 
The in-situ bioremediation of PAHs in a marine environment is nearly always 
associated with anaerobic biodegradation, of which the efficiency was affected by many 
factors, such as the nutrient limitation and other available carbon sources. Although 
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marine soils and sediments contain a lot of macronutrients and trace-elements used by 
microorganisms, certain compounds essential for PAH degradation could be deficient 
because of being used up quickly by microorganisms. The efficiency of in-situ 
bioremediation of PAH was affected by nutrient limitations and the availability of 
alternate carbon sources (Bach et al., 2005). Swindoll et al. (1988) found variable effects 
of nutrient addition on PAH degradations in different samples from the same aquifer. 
In general, degradation rates of PAH compounds decrease with an increasing 
number of benzene rings (Trezesicka-Mlynarz and Ward, 1995). The higher the number 
of the rings, the more insoluble the PAHs, which decreases their availability for 
microorganisms, and therefore they are low in degradation rates (Breedveld & Karlsen, 
2000; Mihelcic et al., 1993). The reduced availability for microorganisms is as a result of 
lower pore-water concentrations of high molecular weight PAH compounds.  
Generally, it is expected that the addition of nutrients to an environment will 
result in higher PAH degradation rates. Phenanthrene mineralization increased upon the 
addition of N and P in combination (Betantur-Galvis et al., 2006). In aquifer sand, which 
is low in organic carbon, some PAH compounds are degraded only after the addition of 
specific nutrient levels, but there are also some PAH compounds do not need additional 
nutrients (Breedveld and Sparrevik, 2000).  Braddock et al. (1997) observed low nutrient 
addition levels gave the greatest stimulation of microbial activity in a fuel oil 
contaminated aquifer.  
 The ratio of C:N in microorganisms is found to be different as they age. The 
average C:N ratio of newly synthesized biomass is 6.3:1 (Chrzanowski et al., 1996). 
Their study also provided the average C:P and N:P ratios for newly synthesized biomass 
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which are 50:1 and 8.5:1, respectively. The overall ratio of C:N:P for newly synthesized 
biomass is 50:9:1. Not all the carbon consumed by microorganism remains in their bodies 
because it will be used for energy and is lost as carbon dioxide. If 60% of carbon is used 
for energy and will be lost as carbon dioxide through respiration, the ideal ratio of C:N:P 
in the environment where microorganisms live is about 100:8:1 (Todar, 2009). Based on 
this information, the C:N:P ratio of 100:10:3 can be used for nutrient addition due to the 
additional carbon from the contaminant source. Assuming wetland soils already have 
enough nutrients for a microbially productive environment, the sudden change of carbon 
composition due to contamination could be treated by adding nutrient according to the 
C:N:P ratio of 100:10:3 based on the amount of carbon that contaminate the environment.   
 
5.3 Materials and methods 
A set of mesocosms to run the experiments 
Triplicate mesocosms are used to run the experiments which take place using the 
mesocosms connected to a master pneumatic tank to create tidal cycles inside the 
mesocosm tanks. The volume of each mesocosm tank is 31 liters; it is made of acrylic 
with an air chamber built inside the tank. The chamber has an upside down “u” shape 
acrylic that allows water to flow in and out of it through chutes (connection slots) created 
by the chamber. Two trays of soil are placed on top of the air chamber: one is higher than 
the other (Figure 5.1). The lower one is for the subtidal wetland soil which was wet 
constantly and the higher one is for the intertidal wetland soil which is intermittently wet 
due to the tidal actions. The tray, 1.5-liter in volume, is also made of acrylic. It has some 
holes at the bottom for water’s vertical infiltration.  A piece of geotech cloth or garden 
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Figure 5.1 Diagram of a mesocosm with the subtidal and intertidal wetland soil 
 
cloth was placed on the bottom of the tray to hold a 1-cm depth of sand; another piece of 
geotech cloth was placed on top of the sand to hold about a 3-cm depth of soil. There was 
1 cm free board on top to keep the soil in the tray. 
The tank is filled with about 12 liters of artificial sea salt water to a 30 ppt salinity 
which was made by mixing instant ocean sea salt mix with tap water. The tap water used 
in this study was originally disinfected with chloramine to a level of less than 1.4 mg-
Cl2/L (http://www.brwater.com/water-quality.html). Then the prepared sea water was 
aerated and aged for at least 24 hours prior to introduction to the mesocosm and dilution 
tanks.  
Coastal wetlands experience flushing everyday as some of the water in a coastal 
environment is replaced by relatively clean deep ocean water. Water in Breton Sound and 
Barataria Basin in Louisiana coastal regions have average residence times of 10 to 15 
days and 12 to 35 days, respectively (Wissel et al., 2005). For this purpose a flushing 
water tank (dilution tank) is built separately and placed above the tank (Figure 5.1); the 
Air chamber which can function 
as a tidal water storage 
Intertidal wetland soil 
Subtidal wetland soil 
Dilution tank  
Overflow hole to simulate 
washing-out water 
About 1 cm opening as a 
chute (connection slot) 
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dilution tank is filled daily with clean water for about 10% of the total volume of water in 
the tank. The dilution water drops to the tank at a flow rate of 10 mL/min. During high 
tides after the dilution water is applied, the excess water is discharged through the 
overflow hole in order to keep the same amount of water in the system. This is to mimic 
the water flowing (washout or flushing) from the coastal area to the deep ocean where it 
is being diluted more.  
Each air chamber of the three mesocosms is controlled by a master pneumatic 
tank, which also has an air chamber, through parallel connections among the air 
chambers (Figure 5.2). When the air pressure inside the air chamber is high, a high tide is 
created inside the tank since the water is displaced from the air chamber. When the air 
pressure is low a low tide is created inside the tank since the water flows back in. 
Therefore, the three mesocosms always have the same water levels since the air volume 
inside the air chambers are similar. The tidal cycles for this experiment were created by 
controlling the water levels in the system diurnally.  
 
Materials 
Louisiana marsh wetland soil in this study were collected from near Empire, LA 
(Lat. 29° 27.456'N, Long. 89° 46.841'W) which has an elevation of 0.9 m (Figure 5.3). 
The site is located in the southeastern part of Barataria Bay in Louisiana. The soil 
contained 38% organic matter (OM). Three kinds of polycyclic aromatic hydrocarbons 
(PAHs), i.e., stock solutions of phenanthrene, pyrene, and benzo[e]pyrene were obtained 
from Absolute Standards, Inc. Instant ocean sea salt mix to make artificial sea salt water 
was purchased from AquaticEco System. 
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Figure 5.2 Sketch of triplicate mesocosms and a master pneumatic tank 
for the experiments 
 
 
Soil preparation 
Soil preparation is the same for both experiments: without additional nutrients and 
with additional nutrients. Soil was prepared by taking wetland soil (50% moisture 
content) and placing it in a stainless steel mixing pan then mixing it thoroughly. A 4-ml 
(1000 µg/ml) aliquot of each PAH standard spiking solution (phenanthrene, pyrene, and 
benzo[e]pyrene) is added to the soil and mixed for approximately 5 minutes.  The 
prepared soil is ready to be placed in a mesocosm for the treatment without nutrient 
addition.  
 
 
Front view 
Back view Top view 
Master pneumatic tank 
85 
 
 
Figure 5.3 Location of Empire, Louisiana 
 
Nutrient preparation and its application 
For the treatment with nutrient addition, a nutrient solution is added to the 
prepared soil. The nutrient solution is prepared by adding 18.40 g Na2 HPO4.2H2O and 
76.30 g KNO3 to distilled water and made up to 1,000-mL volume. The final pH is 
adjusted to 7.8. The solution is sterilized by filtering through a sterile 0.22 µm membrane 
filter. The nutrient solution has 10.6 g/L N and 3.1 g/L P that makes the final ratio of N:P 
in the prepared  nutrient  solution around 10:3. To have the additional nutrients to the soil 
 
 
A 
B 
A: Empire, LA 
B: Port Fourchon, LA 
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due to the carbon addition with C:N:P ratio of 100:10:3, about 113 mL of the prepared 
nutrient mix is added to the prepared soil, based on the PAHs addition (see Appendix D). 
If the soil dry weight is 20 kg, the concentrations of additional N and P to the mix are 
about 60 and 17.5 µg/kg soil, respectively. 
  
Artificial sea salt water 
Sea salt water was made by mixing instant ocean sea salt mix with tap water to 
have artificial sea water with salinity to 30 ppt. The sea salt water was acclimated prior to 
use by applying air bubbles for at least a week.  
 
Sampling 
Core samples of about 2 g of degraded wetland soil were taken every week from 
the trays, giving 6 samples from each treatment (with and without nutrient addition). 
Each sampling required two straws: one for the core sampling and the other one for the 
core backfilling. Both sides of the sampling straw, which contained the soil sample, were 
covered with aluminum foil. The sampling straw with the soil sample in it was placed in 
the refrigerator in the laboratory for analysis. Every time after a sample had been taken 
using a sampling straw, the other empty straw (the backfilling straw) was placed in the 
open hole created by the core sampling. The backfilling straw provided support avoiding 
a collapse of soil into the core sampling hole, which would affect the soil structure (see 
Figure 5.4). 
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Figure 5.4 Some backfilling straws in the wetland soil after several samplings 
 
 
Sample extraction and laboratory analyses 
Soil samples were weighed and placed in a 50-ml polypropylene extraction 
centrifuge vial.  Approximately 2 g of anhydrous sodium sulfate and 1 g each of activated 
silica gel and alumina were added to the sample vial.  Approximately 10 ml of 
dichloromethane (DCM) was added to the sample vial and the sample was tightly sealed.  
The vials were placed on a vortex mixer (Lab-Line Super Mixer, see picture in Appendix 
E) for 1 minute.  Sample vials were immediately removed from the mixer and 
ultrasonicated using a high-intensity pulsed microprobe sonication device (QSonica LLC, 
Model Q700, see picture in Appendix E) for approximately 3 minutes.  The DCM 
supernatant was poured into a concentration thimble device and concentrated to a final 
volume of 200 µl.  The 200 µl aliquot was placed in a 2-ml autosampler vial, and 2 µl of 
internal standard was added prior to capping.  The sample extracts were analyzed on a HP 
5890 GC/ 5972 series mass selective detector using EPA Method 8270. 
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Statistical solutions 
PAH concentrations from the laboratory analyses were modeled with first order 
degradation rate C = Co e
-kt
; where C is the PAH concentration in the wetland soil at time 
t, Co is the initial PAH concentration in the wetland soil, and k is the first order rate 
constant of the degradation reaction. Concentrations of Phe, Pyr, and BeP in the subtidal 
and the intertidal wetland soil were used to compare their degradation rates using P<0.05 
between treatments to find the effects. The equation of the statistical model in this study 
was developed from the simple first order kinetic reaction by adding the effects, i.e. the 
three PAHs (Phe, Pyr, and BeP), the two types of wetland soil (subtidal and intertidal), 
and the two nutrient conditions (without and with nutrient addition). All data were 
processed by the software package of SAS, and their comparison wise effects were 
processed with ANOVA technique to find their significant differences among the effects 
with approximately 95% confidence limits. 
 
5.4 Results and discussion 
The two experiments took place in the same set of mesocosms but were run at 
room temperature at different times; the treatment without nutrient addition was run from 
April 2012 to August 2012 and the treatment with nutrient addition was run from October 
2012 to February 2013. The same amount of the three PAHs (phenanthrene, pyrene, and 
benzo[e]pyrene) was spiked to the Louisiana coastal marsh wetland soil. The initial 
concentrations (at the time zero analysis) for the treatment without nutrient addition were 
159.83 (±13.23), 168.23 (±10.69), and 150.00 (±11.79) µg/kg for Phe, Pyr, and BeP, 
respectively. The initial concentrations for the treatment with nutrient addition were 
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180.67 (±3.51), 172.67 (±7.02), and 163.67 (±11.15) µg/kg for Phe, Pyr, and BeP, 
respectively. 
The tidally influenced coastal marsh wetland soil, both the subtidal and the 
intertidal, showed a capacity to degrade PAHs. All the three PAHs spiked in the wetland 
soil, subtidal and intertidal, and with and without nutrient addition, have similar patterns 
of degradation curves that follow the first order reaction kinetics. Figure 5.5 shows the 
concentrations of Phe, Pyr, and BeP in the subtidal and the intertidal wetland soil reduced 
over time for both treatments: with and without nutrient addition. All PAHs in the 
intertidal wetland soil degraded faster than those in the subtidal wetland soil for both 
treatments, with and without nutrient addition. The figures on the left side are for the 
PAHs in the wetland soil (subtidal and intertidal) without nutrient addition and the 
figures on the right side are for the PAHs in the wetland soil (subtidal and intertidal) with 
nutrient addition. The intertidal wetland soil is exposed to the atmosphere intermittently 
due to diurnal tidal cycles. When tides are low and the soil is exposed to the air, gas is 
transferred from the pores to the thin layers surrounding the soil particles to add dissolved 
oxygen to the pore waters. Microorganisms use this dissolved oxygen as electron 
acceptors as they oxidized the hydrocarbons dissolved in pore waters. While in the 
subtidal wetland soil, it is not the case.     
Figure 5.5 also shows that the nutrient addition (N and P) hardly affected the PAH 
degradation. The patterns of the effect were not consistent. The Louisiana marsh wetland 
soil seemed to have enough nutrients for the microorganisms to survive and to utilize the 
hydrocarbons added to the wetland soil. Figure 5.6 shows the percent of the PAHs 
removed  from  the  subtidal  and  the  intertidal  wetland  soil after 10 days, 1 month, 2  
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Note: SS: the subtidal wetland soil; IS: the intertidal wetland soil 
 
Figure 5.5 PAH concentrations over time without and with nutrient addition 
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Figure 5.6 PAH removal percentages comparison 
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months, and 3 months. The figures on the left side are for the percent of the PAHs 
removed from the wetland soil (subtidal and intertidal) without nutrient addition and the 
figures on the right side are for the percent of the PAHs removed from the wetland soil 
(subtidal and intertidal) with nutrient addition. The removal of each compound between 
treatments can be compared. Phe was always removed most quickly from both types of 
wetland soil in both treatments. Phe is the most available to microorganism as it has the 
smaller molecular weight and is the most soluble among the three PAHs. Pyr is the 
second most available and BeP is the least available to microorganisms.   
Nutrient addition didn’t impact PAH degradation in the early treatment (see day 
10, Figure 5.6). After one month (Figure 5.6), there was some minor impact on Phe (in 
the intertidal wetland soil), on Pry (in the subtidal and the intertidal wetland soil), but 
none on BeP. The five-ring PAH seems not to be influenced by nutrient addition and was 
very resistant to degradation both in the subtidal and the intertidal wetland soil. It 
supports the finding by Breedveld and Sparrevik, (2000) that the effects of nutrient 
addition to the PAHs-contaminated soil are significant for PAHs with two, three, and four 
benzene-rings in the top soil but not for the five ring and more.  
Based on the PAH removal, nutrient addition still had some impact on Phe and 
Pyr degradations in the subtidal wetland soil after two months and after three months. 
Figure 5.7 shows the effect of nutrient addition in each the PAH removal after three 
months of treatment in each of wetland soil (the subtidal and the intertidal). From this 
figure we could conclude that there was minimal benefit from the nutrient addition to the 
soil. The effect of nutrient on the Pyr degradation was suggested by the early few days of 
the treatment (Figure 5.6). The nutrients seemed to activate the microorganisms to start  
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Note: SS: subtidal wetland soil; IS: intertidal wetland soil 
 
Figure 5.7 Comparison of PAH removals in each soil for the nutrient status  
 
the degradation but the effect is reduced several days after that. The impact didn’t happen 
in the intertidal wetland soil later in time, i.e., after two months and three months. The 
nutrient added to the wetland soil might be leached out to the water from the intertidal 
wetland soil during the tidal changes from low tides to high tides. Then the leachate 
nutrient was flushed out from the system.   
The ANOVA using SAS showed the statistically significant differences of 
degradation rate constants among the compounds: Phe, Pyr, and BeP; between two types 
of wetland soil; and between treatments. The analyses used a nonlinear regression model 
and was based on the first order degradation kinetics reaction with P<0.05. The statistical 
analyses results (Table 5.2) shows that PAH degradation rate constants were significantly 
different among the three PAHs and between the two types of wetland soil (intertidal and 
the subtidal).  However, the rate constants are not significantly different between the two 
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Table 5.2 ANOVA table for the degradation rate comparison between compounds, types 
of wetland soil, and between nutrient treatments 
 
Parameter  
Estimate 
parameter 
value 
Approximate value 
with 95% 
confidence limits 
Note 
b1: between compounds for 
comparison 1 
0.454 0.093 0.814 Significantly different 
b2: between compounds for 
comparison 2 
1.28 0.961 1.61 Significantly different 
b3: between types of wetland 
soil (subtidal and intertidal) 
-1.07 -1.36 -0.771 Significantly different 
b4: between nutrient 
treatments (with and without 
nutrient addition) 
-0.103 -0.350 0.145 
Not significantly 
different 
 
treatments (without and with additional nutrient). The parameter estimate for the nutrient 
addition was -0.103 % day
-1
 (P<0.05) which was significantly zero (Table 5.2). Jackson 
and Pardue (1999) also found that there was no significant difference of Phe degradation 
between the nutrient addition and no-nutrient addition treatments. However, it was 
significantly different for the total PAHs in their study. 
This finding leads to the conclusion that all PAH degradation rate constants are 
higher in the intertidal wetland soil (Table 5.3). However, the rate constants are lower 
than those reported by Jackson and Pardue (1999) for the Port Fourchon (See Figure 5.3) 
wetland soils in microcosms.  For example, in their study, the rate constant for the Phe 
degradation without nutrient addition was 10% day
-1
. Perhaps this is reflecting the 
difference in soil characteristics. Degradation rate constants of Phe and Pyr in the 
intertidal wetland soil are about one and a half times larger than those in the subtidal 
wetland soil. While degradation rate constants of BeP in the intertidal wetland soil is 
about twice that of the subtidal wetland soil (Table 5.3).   
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Table 5.3 Degradation rates  
Compounds 
First order degradation reaction rate constants (% day
-1
) 
Without nutrient addition With nutrient addition 
SS IS SS IS 
Phenanthrene 2.47 3.54 2.57 3.64 
Pyrene 2.02 3.09 2.12 3.19 
Benzo[e]pyrene 1.19 2.26 1.29 2.36 
Note: SS: subtidal wetland soil; IS: intertidal wetland soil 
 
5.5 Conclusion and recommendation 
The study showed that the higher the molecule weight of PAH the more resistant 
it is to degradation in wetland soil; BeP is the most resistant. In addition, the three PAHs 
have higher degradation rate constants in the intertidal wetland soil compared to those in 
the subtidal wetland soil. However, the nutrient addition to the wetland soil did not have 
a significant effect in degrading PAHs in this study. The data suggested that some benefit 
from the nutrient addition was realized early in the degradation period. However, the use 
of triplicates certainly limited the statistical resolution. Future studies should use more 
replicates improving the likelihood of statistical confirmation. 
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CHAPTER 6 
OVERALL CONCLUSIONS AND RECOMMENDATIONS 
 
 
The designed mesocosms which simulate marsh wetland soils are utilized to study 
the degradations of some polycyclic aromatic hydrocarbons. The unique feature of the 
design is the pneumatic system which is built inside the mesocosm tank to simulate the 
tidal cycles in marsh wetlands. The pneumatic control space which is known as the air 
chamber also functions as tidal water storage. The design is portable and suitable for a 
limited space laboratory. When several replications are required, the pneumatic systems 
for all the replicates can be controlled using one master pneumatic tank without losing the 
independence of each replicate. Each air chamber of the replicates is connected in parallel 
to the air chamber of the master pneumatic tank. 
 The designed laboratory mesocosm is shown to be a useful, complementary tool 
to evaluate the degradations of some nonvolatile refractory compounds in the subtidal 
and the intertidal marsh wetland soils which may be influenced by tidal cycles. The 
designed mesocosm can be used to study volatile compounds. However, to keep the 
independence of each replicate, it is suggested that an activated carbon filter be placed 
between master air chamber and each replicate air chamber.  
Many sites of coastal wetlands with different types of soils and tidal cycles can be 
simulated in the designed mesocosm. The soils from the site are placed in the soil trays 
and the specific tidal cycles are controlled by setting the activation/deactivation of the air 
pump which controls the air pressure inside the air chamber. 
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Degradation of phenanthrene, a three-ring polycyclic aromatic hydrocarbon, as 
the test compound, in the subtidal and the intertidal wetland soil follows typical first 
order reaction decay. Phenanthrene degradation rate in the intertidal wetland soil is 
significantly higher than in the subtidal wetland soil due to the periodic availability of 
dissolved oxygen to the intertidal wetland soil. 
The degradation rates of three polycyclic aromatic hydrocarbons (PAHs): 
phenanthrene, pyrene, and benzo[e]pyrene studied in the designed mesocosms are 
significantly different. Also, each of phenanthrene, pyrene, and benzo[e]pyrene 
degradation rates in the intertidal wetland soil was significantly higher than those in the 
subtidal wetland soil. Remediation of PAHs is enhanced in the intertidal wetland soil due 
to the opportunity for the oxygen transfer onto the soil during low tides. The tidal action 
is one important mechanism in PAH degradations. The result shows benzo[e]pyrene is 
more persistent in the soil as it has the lowest solubility among the three. In other words, 
the study using this designed mesocosm is consistent with the observation that the higher 
the molecule weight of PAH the more resistant it is to degradation in soil.  
The designed mesocosms are also used to study the effect of nutrient addition to 
wetland soils in degrading PAHs. Although there appears to be some impact of the 
nutrient addition, the effect is not statistically significant. The minor benefit of the 
nutrient addition is early in the degradation period.  
Finally, the designed mesocosms can be developed for kinetic studies of different 
compounds for varieties of environmental conditions. They can be enlarged to have more 
wetland soil for expanse studies, such as the effect of bioturbation in the soil. But the 
concept of pneumatic controls is applied for the tidal actions in coastal marsh wetlands. 
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APPENDIX A. PAH RAW DATA 4/23/2012 to 8/8/2012 
 
ID Date Replicate 
Conc. (ug/kg) wet wt. 
Phenan. Pyrene BeP 
SS-C and IS-C 4/23/2012 1 ND ND ND 
SS-C and IS-C 4/23/2012 2 ND ND ND 
SS-C and IS-C 4/23/2012 3 ND ND ND 
SS  and IS 4/23/2012 1 145 156 139 
SS  and IS 4/23/2012 2 165 175 155 
SS  and IS 4/23/2012 3 170 174 162 
SS-C 5/2/2012 1 ND ND ND 
SS-C 5/2/2012 2 ND ND ND 
SS-C 5/2/2012 3 ND ND ND 
IS-C 5/2/2012 1 ND ND ND 
IS-C 5/2/2012 2 ND ND ND 
IS-C 5/2/2012 3 ND ND ND 
SS 5/2/2012 1 136 147 127 
SS 5/2/2012 2 142 139 138 
SS 5/2/2012 3 150 152 143 
IS 5/2/2012 1 85.1 99.6 86.2 
IS 5/2/2012 2 127 112 98 
IS 5/2/2012 3 106 121 129 
SS-C 5/9/2012 1 ND ND ND 
SS-C 5/9/2012 2 ND ND ND 
SS-C 5/9/2012 3 ND ND ND 
IS-C 5/9/2012 1 ND ND ND 
IS-C 5/9/2012 2 ND ND ND 
IS-C 5/9/2012 3 ND ND ND 
SS 5/9/2012 1 104 103 85.2 
SS 5/9/2012 2 110 105 92.1 
SS 5/9/2012 3 124 120 101 
IS 5/9/2012 1 68.4 83.5 53.8 
IS 5/9/2012 2 74.2 88.0 71.7 
IS 5/9/2012 3 84.5 101 79.6 
SS-C 5/16/2012 1 ND ND ND 
SS-C 5/16/2012 2 ND ND ND 
SS-C 5/16/2012 3 ND ND ND 
IS-C 5/16/2012 1 ND ND ND 
IS-C 5/16/2012 2 ND ND ND 
IS-C 5/16/2012 3 ND ND ND 
SS 5/16/2012 1 86.1 88.2 77.7 
SS 5/16/2012 2 93.0 84.9 76.1 
SS 5/16/2012 3 102.8 96.7 87.3 
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(Appendix A continued)     
IS 5/16/2012 1 63.10 70.4 52.8 
IS 5/16/2012 2 63.30 71.6 64.0 
IS 5/16/2012 3 69.10 77.3 67.1 
SS-C 5/23/2012 1 ND ND ND 
SS-C 5/23/2012 2 ND ND ND 
SS-C 5/23/2012 3 ND ND ND 
IS-C 5/23/2012 1 ND ND ND 
IS-C 5/23/2012 2 ND ND ND 
IS-C 5/23/2012 3 ND ND ND 
SS 5/23/2012 1 69.2 81.3 71.1 
SS 5/23/2012 2 75.9 62.4 60.2 
SS 5/23/2012 3 80.5 70.4 70.6 
IS 5/23/2012 1 58.8 59.4 51.2 
IS 5/23/2012 2 52.5 55.2 56.4 
IS 5/23/2012 3 50.8 50.7 55.7 
SS-C 5/30/2012 1 ND ND ND 
SS-C 5/30/2012 2 ND ND ND 
SS-C 5/30/2012 3 ND ND ND 
IS-C 5/30/2012 1 ND ND ND 
IS-C 5/30/2012 2 ND ND ND 
IS-C 5/30/2012 3 ND ND ND 
SS 5/30/2012 1 56.3 69.4 60.9 
SS 5/30/2012 2 61.4 65.3 55.4 
SS 5/30/2012 3 72.9 62.8 62.8 
IS 5/30/2012 1 30.6 33.6 39.6 
IS 5/30/2012 2 29.2 34.2 41.4 
IS 5/30/2012 3 30.2 31.8 43.2 
SS-C 6/6/2012 1 ND ND ND 
SS-C 6/6/2012 2 ND ND ND 
SS-C 6/6/2012 3 ND ND ND 
IS-C 6/6/2012 1 ND ND ND 
IS-C 6/6/2012 2 ND ND ND 
IS-C 6/6/2012 3 ND ND ND 
SS 6/6/2012 1 50.1 63.3 61.5 
SS 6/6/2012 2 62.4 53.2 53.7 
SS 6/6/2012 3 68.2 54.1 55.1 
IS 6/6/2012 1 24.7 30.6 31.3 
IS 6/6/2012 2 22.6 30.0 36.7 
IS 6/6/2012 3 20.5 31.5 40.2 
SS-C 6/13/2012 1 ND ND ND 
SS-C 6/13/2012 2 ND ND ND 
SS-C 6/13/2012 3 ND ND ND 
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(Appendix A continued)     
IS-C 6/13/2012 1 ND ND ND 
IS-C 6/13/2012 2 ND ND ND 
IS-C 6/13/2012 3 ND ND ND 
SS 6/13/2012 1 43.3 59.8 57.3 
SS 6/13/2012 2 49.1 50.2 49.5 
SS 6/13/2012 3 51.3 50.5 52.6 
IS 6/13/2012 1 20.1 27.2 29.1 
IS 6/13/2012 2 18.6 28.2 34.3 
IS 6/13/2012 3 17.9 29.5 37.5 
SS-C 6/20/2012 1 ND ND ND 
SS-C 6/20/2012 2 ND ND ND 
SS-C 6/20/2012 3 ND ND ND 
IS-C 6/20/2012 1 ND ND ND 
IS-C 6/20/2012 2 ND ND ND 
IS-C 6/20/2012 3 ND ND ND 
SS 6/20/2012 1 40.1 55.6 56.5 
SS 6/20/2012 2 45.6 50.1 48.1 
SS 6/20/2012 3 48.1 48.9 51.1 
IS 6/20/2012 1 18.2 25.8 30.8 
IS 6/20/2012 2 16.8 27.2 33.2 
IS 6/20/2012 3 16.1 27.4 35.9 
SS-C 7/2/2012 1 ND ND ND 
SS-C 7/2/2012 2 ND ND ND 
SS-C 7/2/2012 3 ND ND ND 
IS-C 7/2/2012 1 ND ND ND 
IS-C 7/2/2012 2 ND ND ND 
IS-C 7/2/2012 3 ND ND ND 
SS 7/2/2012 1 37.1 49.3 54.2 
SS 7/2/2012 2 40.3 48.5 49.1 
SS 7/2/2012 3 46.3 46.8 50.2 
IS 7/2/2012 1 16.4 23.1 39.4 
IS 7/2/2012 2 15.1 24.2 33.4 
IS 7/2/2012 3 14.9 23.7 35.0 
SS-C 7/10/2012 1 ND ND ND 
SS-C 7/10/2012 2 ND ND ND 
SS-C 7/10/2012 3 ND ND ND 
IS-C 7/10/2012 1 ND ND ND 
IS-C 7/10/2012 2 ND ND ND 
IS-C 7/10/2012 3 ND ND ND 
SS 7/10/2012 1 34.5 47.1 53.1 
SS 7/10/2012 2 37.5 46.9 50.1 
SS 7/10/2012 3 42.3 46.2 48.6 
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(Appendix A continued)     
IS 7/10/2012 1 14.6 20.6 38.4 
IS 7/10/2012 2 14.1 22.1 34.6 
IS 7/10/2012 3 13.8 21.4 34.0 
SS-C 7/18/2012 1 ND ND ND 
SS-C 7/18/2012 2 ND ND ND 
SS-C 7/18/2012 3 ND ND ND 
IS-C 7/18/2012 1 ND ND ND 
IS-C 7/18/2012 2 ND ND ND 
IS-C 7/18/2012 3 ND ND ND 
SS 7/18/2012 1 31.1 45.5 50.5 
SS 7/18/2012 2 33.5 44.9 49.4 
SS 7/18/2012 3 35.4 46.7 48.1 
IS 7/18/2012 1 12.0 18.1 36.4 
IS 7/18/2012 2 10.8 20.4 35.1 
IS 7/18/2012 3 10.1 20.6 33.4 
SS-C 7/25/2012 1 ND ND ND 
SS-C 7/25/2012 2 ND ND ND 
SS-C 7/25/2012 3 ND ND ND 
IS-C 7/25/2012 1 ND ND ND 
IS-C 7/25/2012 2 ND ND ND 
IS-C 7/25/2012 3 ND ND ND 
SS 7/25/2012 1 28.0 43.1 47.2 
SS 7/25/2012 2 29.2 43.2 49.1 
SS 7/25/2012 3 30.4 44.1 47.5 
IS 7/25/2012 1 10.1 15.9 35.3 
IS 7/25/2012 2 9.12 17.2 34.1 
IS 7/25/2012 3 8.14 17.5 33.1 
SS-C 8/1/2012 1 ND ND ND 
SS-C 8/1/2012 2 ND ND ND 
SS-C 8/1/2012 3 ND ND ND 
IS-C 8/1/2012 1 ND ND ND 
IS-C 8/1/2012 2 ND ND ND 
IS-C 8/1/2012 3 ND ND ND 
SS 8/1/2012 1 25.4 42.5 46.1 
SS 8/1/2012 2 22.7 40.2 45.8 
SS 8/1/2012 3 26.7 43.2 44.8 
IS 8/1/2012 1 8.19 14.6 33.7 
IS 8/1/2012 2 7.98 15.7 33.1 
IS 8/1/2012 3 7.34 16.9 33.8 
SS-C 8/1/2012 1 ND ND ND 
SS-C 8/1/2012 2 ND ND ND 
SS-C 8/1/2012 3 ND ND ND 
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(Appendix A continued)     
SS-C 8/1/2012 2 ND ND ND 
SS-C 8/1/2012 3 ND ND ND 
IS-C 8/1/2012 1 ND ND ND 
IS-C 8/1/2012 2 ND ND ND 
IS-C 8/1/2012 3 ND ND ND 
SS 8/1/2012 1 25.4 42.5 46.1 
SS 8/1/2012 2 22.7 40.2 45.8 
SS 8/1/2012 3 26.7 43.2 44.8 
IS 8/1/2012 1 8.19 14.6 33.7 
IS 8/1/2012 2 7.98 15.7 33.1 
IS 8/1/2012 3 7.34 16.9 33.8 
SS-C 8/8/2012 1 ND ND ND 
SS-C 8/8/2012 2 ND ND ND 
SS-C 8/8/2012 3 ND ND ND 
IS-C 8/8/2012 1 ND ND ND 
IS-C 8/8/2012 2 ND ND ND 
IS-C 8/8/2012 3 ND ND ND 
SS 8/8/2012 1 23.4 40.1 43.1 
SS 8/8/2012 2 22.1 39.2 42.8 
SS 8/8/2012 3 21.8 40.5 41.7 
IS 8/8/2012 1 7.95 13.5 33.5 
IS 8/8/2012 2 7.45 15.1 32.0 
IS 8/8/2012 3 6.87 13.7 30.8 
Note : 
SS-C : Subtidal wetland soil-Control 
IS-C : Intertidal wetland soil-Control 
SS : Subtidal wetland soil 
IS : Intertidal wetland soil 
ND : Not detected 
All of the ND data are from control soil 
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APPENDIX B. PAH RAW DATA 10/15/2012 to 2/11/2013 
 
ID Date Replicate 
Conc. (ug/Kg) wet wt. 
Phenan. Pyrene BeP 
SS and IS Baseline 1 184 172 151 
SS and IS Baseline 2 177 180 172 
SS and IS Baseline 3 181 166 168 
SS 10/24/2013 1 169 115 163 
SS 10/24/2013 2 155 129 143 
SS 10/24/2013 3 175 150 164 
IS 10/24/2013 1 129 148 92.7 
IS 10/24/2013 2 139 139 128 
IS 10/24/2013 3 135 155 149 
SS 10/31/2103 1 146 90.3 109 
SS 10/31/2103 2 150 79.3 96.7 
SS 10/31/2103 3 135 91.4 138 
IS 10/31/2103 1 109 85.1 74.4 
IS 10/31/2103 2 112 92.9 90.2 
IS 10/31/2103 3 119 97.2 107 
SS 11/7/2013 1 110 66.6 82.8 
SS 11/7/2013 2 121 51.6 91.6 
SS 11/7/2013 3 133 53.9 84.8 
IS 11/7/2013 1 52.8 61.4 65.7 
IS 11/7/2013 2 61.4 72.7 70.7 
IS 11/7/2013 3 56.3 61.0 86.6 
SS 11/13/2013 1 98.0 73.9 89.6 
SS 11/13/2013 2 86.1 55.5 71.2 
SS 11/13/2013 3 92.0 61.6 78.8 
IS 11/13/2013 1 41.3 61.7 67.4 
IS 11/13/2013 2 39.4 51.5 60.6 
IS 11/13/2013 3 35.7 42.8 71.5 
SS 11/20/2013 1 75.6 69.4 81.0 
SS 11/20/2013 2 81.3 54.6 57.5 
SS 11/20/2013 3 49.6 53.7 70.2 
IS 11/20/2013 1 52.3 33.8 48.6 
IS 11/20/2013 2 30.8 32.6 43.3 
IS 11/20/2013 3 40.9 39.4 56.7 
SS 11/28/2013 1 70.9 41.5 83.8 
SS 11/28/2013 2 66.5 47.1 59.7 
SS 11/28/2013 3 48.1 36.2 71.3 
IS 11/28/2013 1 20.3 27.8 34.7 
IS 11/28/2013 2 34.1 29.9 47.6 
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(Appendix B continued)     
IS 11/28/2013 3 19.5 21.6 49.5 
SS 12/5/2013 1 43.3 59.3 76.8 
SS 12/5/2013 2 38.7 48.9 54.3 
SS 12/5/2013 3 30.9 39.5 63.8 
IS 12/5/2013 1 15.8 25.9 31.2 
IS 12/5/2013 2 23.4 28.4 46.2 
IS 12/5/2013 3 15.6 35.1 39.7 
SS 12/12/2013 1 25.6 39.7 58.9 
SS 12/12/2013 2 29.7 35.9 48.8 
SS 12/12/2013 3 35.1 48.3 52.8 
IS 12/12/2013 1 26.7 22.5 40.1 
IS 12/12/2013 2 14.8 20.4 37.2 
IS 12/12/2013 3 13.7 23.0 41.7 
SS 12/18/2013 1 24.6 43.6 61.8 
SS 12/18/2013 2 20.1 32.2 57.1 
SS 12/18/2013 3 19.5 41.8 50.6 
IS 12/18/2013 1 19.8 19.4 49.2 
IS 12/18/2013 2 14.1 20.9 34.1 
IS 12/18/2013 3 12.7 18.9 47.1 
SS 12/28/2013 1 18.2 41.4 69.9 
SS 12/28/2013 2 13.6 40.7 65.4 
SS 12/28/2013 3 14.7 37.2 65.9 
IS 12/28/2013 1 9.42 25.3 51.5 
IS 12/28/2013 2 15.8 29.4 37.3 
IS 12/28/2013 3 18.6 22.6 36.4 
SS 1/2/2013 1 14.9 29.4 64.3 
SS 1/2/2013 2 15.6 37.7 50.2 
SS 1/2/2013 3 13.8 42.0 49.9 
IS 1/2/2013 1 12.9 13.8 43.2 
IS 1/2/2013 2 16.7 15.3 37.2 
IS 1/2/2013 3 8.42 19.1 36.6 
SS 1/9/2013 1 13.6 28.5 60.4 
SS 1/9/2013 2 15.2 27.9 51.1 
SS 1/9/2013 3 14.3 43.7 51.9 
IS 1/9/2013 1 13.4 11.5 36.2 
IS 1/9/2013 2 7.58 16.4 42.6 
IS 1/9/2013 3 6.24 16.8 42.3 
SS 1/15/2013 1 12.1 35.6 54.1 
SS 1/15/2013 2 10.5 38.3 50.0 
SS 1/15/2013 3 9.98 43.1 54.9 
IS 1/15/2013 1 10.9 17.6 43.2 
IS 1/15/2013 2 11.8 19.8 40.7 
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(Appendix B continued)     
IS 1/15/2013 3 8.40 15.1 34.4 
SS 1/21/2013 1 12.8 30.3 50.4 
SS 1/21/2013 2 14.9 28.9 52.9 
SS 1/21/2013 3 15.4 37.1 53.5 
IS 1/21/2013 1 8.14 10.7 44.6 
IS 1/21/2013 2 7.21 10.9 37.1 
IS 1/21/2013 3 5.91 12.3 30.9 
SS 1/29/2013 1 8.84 29.5 64.3 
SS 1/29/2013 2 7.21 33.8 63.0 
SS 1/29/2013 3 9.81 38.0 60.9 
IS 1/29/2013 1 6.97 15.9 46.0 
IS 1/29/2013 2 7.05 14.5 43.7 
IS 1/29/2013 3 5.97 17.7 42.9 
SS 2/5/2013 1 6.92 39.6 47.5 
SS 2/5/2013 2 9.57 36.0 51.8 
SS 2/5/2013 3 11.6 27.7 53.1 
IS 2/5/2013 1 4.56 16.1 33.3 
IS 2/5/2013 2 7.19 19.4 28.3 
IS 2/5/2013 3 9.42 14.1 26.6 
SS 2/11/2013 1 6.21 35.9 46.7 
SS 2/11/2013 2 5.94 27.3 40.3 
SS 2/11/2013 3 7.98 28.7 37.7 
IS 2/11/2013 1 5.87 11.9 31.7 
IS 2/11/2013 2 7.32 16.6 30.1 
IS 2/11/2013 3 6.87 18.9 25.5 
Note : 
SS : Subtidal wetland soil 
IS : Intertidal wetland soil 
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APPENDIX C. REFERENCE AND CALCULATION OF TOTAL 
ORGANIC SEDIMENT 
 
 
Reference of ratio of refractory to labile organic matter using Loss on Ignition (LOI) 
measurements 
 
Source: Ecasa Toolbox, http://www.ecasatoolbox.org.uk/the-toolbox/eia-country/book-
of-protocols/sediment-organic-matter 
 
Let Ws = original weight of sediment sample (approximately 0.5 g) 
W0 = weight of crucible and sediment before combustion  
W250= weight of crucible and sediment alter combustion at 250°C  
W500= weight of crucible and sediment after combustion at 500°C  
PI = weight loss in temperature range 0°C and 250°C = WO - W250 
PII = weight loss in temperature range 250°C and 500°C = W250 - W500 
and, Rp= PII/(PI+PII) 
% labile OM = (PI/Ws) x 100% 
% refractory OM = (PII/Ws) x 100% 
% total OM = X 100% 
or, % total OM = % labile OM + % refractory OM 
 
 
Calculation 
 
DATA OF SEDIMENT FROM EMPIRE, 
LOUISIANA 
      
REPLICATE CRUCIBLE # 
C WEIGHT 
at room temp. 
(gr) 
(C+S) WEIGHT 
at room temp. 
(gr) 
(C+S) WEIGHT 
at 250ºC 
(gr) 
(C+S) WEIGHT 
at 500ºC 
(gr) 
 
C # (Wc) (Wo) (W250) (W500) 
EM-R1 27 17.3258 17.9628 17.7471 17.7322 
EM-R2 5 16.9948 17.5664 17.3657 17.3533 
EM-R3 24 17.2917 17.8891 17.6713 17.6558 
 
TOTAL ORGANIC MATTER 
   
REPLICATE 
Ws 
(gr) 
PI 
(gr) 
PII 
(gr) 
Labile OM 
(%) 
Refractory OM 
(%) 
Total OM 
(%) 
 
 
(W0-W250) (W250-W500) PI/Ws*100% PII/Ws*100%  
EM-R1 0.6370 0.2157 0.0149 33.86 2.34 36.20 
EM-R2 0.5716 0.2007 0.0124 35.11 2.17 37.28 
EM-R3 0.5974 0.2178 0.0155 36.46 2.59 39.05 
 
      
109 
 
APPENDIX D. NUTRIENT ADDITION 
(PREPARATION AND CALCULATION) 
 
PREPARATION: 
 
Reference 
APPENDIX C TO PART 300—SWIRLING FLASK DISPERSANT EFFECTIVENESS 
TEST, REVISED STANDARD DISPERSANT TOXICITY TEST, AND 
BIOREMEDIATION AGENT EFFECTIVENESS TEST 
 
4.3.3.1 Nutrient preparation:  
1. N&P Salts. The following salts are added to distilled water and made up to a 1,000-ml 
volume. Adjust final pH to 7.8. The solution is sterilized by autoclaving at 121 °C at 15 
psig for 20 minutes or by filtering through a sterile 0.22 μ m membrane filter.  
Na2 HPO4.2H2O—18.40 g  
KNO3—76.30 g 
 
Calculation of N and P in 1,000 ml solution: 
Molecular weight of Na2 HPO4.2H2O  is (2*23+1*1+1*31+4*16+4*1 
+2*16) g/mol or 178 g/mol. There is 17% of P in this salt. By adding 18.40 g of Na2 
HPO4.2H2 to 1,000 ml distilled water, we get a solution with P concentration of 3.1 
g/1,000 ml or 3.1 mg/ml or 3,100 µg/ml. 
 
Molecular weight of KNO3 is (1*39+1*14+3*16) g/mol or 101 g/mol. There is 14% of N 
in this salt. By adding 76.30 gr of KNO3 to 1,000 ml distilled water, we get a solution 
with N concentration of 10.6 g/1,000 ml or 10.6 mg/ml or 10,600 µg/ml. 
 
Ratio of N/P in 1 ml solution is 10,600:3,100 or about 10:3. 
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CALCULATION: 
 
PAHs spiked to the sediment were phenanthrene, pyrene, and benzo[e]pyrene. The 
following is a table showing % of carbon in each compound and carbon weight in 4 ml of 
each compound that has a concentration of 1,000 μg/ml (each compound is 4 mg/ml).  
 
Compound Chem 
MW 
(g/mol) 
% of 
Carbon 
Comp. weight 
in 1,000 ml 
(g) 
Carbon weight 
in 1,000 ml 
(g) 
Phe C14H10 178 98 4 3.92 
Pyr C16H10 202 95 4 3.80 
BeP C20H12 252 95 4 3.80 
Total Carbon (g) 11.52 
  
How much nutrient solution to add to the contaminated sediment with C is about 12 gr in 
1000 ml to make the ratio of C:N:P about 100:10:3? 
 
Take 113 ml of Na2 HPO4.2H2O—18.40 g and KNO3—76.30 g solution; there will be 
113 ml*10.6 g/1,000 ml of N and 113 ml*3.1 g/1,000 ml of P or 1.20 g N and 0.35 g P. 
The ratio of C:N:P = 12:1.20:0.35 or about 100:10:3.  
 
If 1.20 g N and 0.35 g P are added to 20 kg dry weight soil, the concentrations of the N 
and P addition in soil are about 60 and 18 µg/kg soil, respectively.  
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APPENDIX E. LABORATORY SETUP AND LABORATORY 
EQUIPMENT 
 
 
E.1 Tanks for mesocosms 
  
E.2 Master pneumatic tank E.3 Trays to put soil 
  
E.4 Empty dilution tank E.5 Dilution tank full of water 
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E.6 Steps in preparing the soil tray 
 
 
 
  
 
E.7 Soil preparation 
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E.8 The setups (far away were experiment, closest were new tanks)  
 
 
E.9 The tubings in the setups 
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E.10 Another picture of the setups  
 
  
E.11 Clean straws as backfilling straws were placed after samplings 
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          Mettler Toledo Portable pH/Eh meter 
 
Calomel standard electrode 
 
Redox electrode 
E.12 Commercial Portable pH/Eh meter, Calomel Standard Electrode 
and Redox Electrode 
  
116 
 
  
 
E.13 Lab-Line Super Mixer 
 
 
E.14 Sonication: QSonica LLC, Model Q700 
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APPENDIX F. ANOVA TABLES 
 
1. ANOVA table for the comparison of the Phe degradation rates in the subtidal wetland 
soil (SS) with the Phe degradation rate in the intertidal wetland soil (IS) (Chapter 3). 
Parameter Estimate Approx 
Std Error 
Approximate 95% Confidence 
Limits 
a 157.2 5.3305 146.2 168.2 
a1 3.7435 7.0312 -10.7682 18.2552 
b -0.0386 0.00213 -0.0430 -0.0342 
b1 0.0180 0.00233 0.0132 0.0228 
 
Y = (a+a1)*[EXP{(b+b1)t}] 
 
Y is the concentration of Phe at time t 
t is time (days) 
a and b are the y intercept and the degradation rate constant, respectively, for the base 
line treatment scenario (in this case is Phe in IS) 
a1 and b1 are the additive effects on the y-intercepts and degradation rate constant 
due to different types of wetland soil (subtidal and intertidal).  
 
Two different equations created from the combination are: 
Phe_IS  Y = a*E(bt) 
Phe_SS  Y = (a+a1)*E(b+b1)t 
 
So, b1 is 0.0180 (for the depth difference); it means that SS has rate 1.80 %/day lower 
rate than that of IS. This number is significantly different from “0”; it means that the 
rate in SS is significantly different (lower) than the rate in IS. 
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2. ANOVA TABLE for the comparison of the degradation rates of the three compounds 
(phenanthrene, pyrene, and benzo[e]pyrene) with the two types of wetland soil: 
subtidal and intertidal (Chapter 4). 
Parameter Estimate Approx 
Std Error 
Approximate 95% Confidence 
Limits 
a 157.3 7.1868 143.0 171.6 
a1 0.0224 8.9372 -17.7565 17.8012 
a2 -23.5680 8.6926 -40.8603 -6.2758 
a3 -0.4923 7.2630 -14.9408 13.9561 
b -0.0212 0.00169 -0.0246 -0.0179 
b1 0.00312 0.00212 -0.00109 0.00733 
b2 0.00742 0.00206 0.00332 0.0115 
b3 -0.0130 0.00200 -0.0170 -0.00906 
 
The exponential decay model parameterized for combinations of the three different 
compounds and two different types of wetland soil (subtidal and intertidal) is: 
 
Y = (a+a1+a2+a3)*[EXP{(b+b1+b2+b3)t}] 
 
Y is the concentration of the compound at time t 
t is time (days) 
a and b are the y intercept and the degradation rate constant, respectively, for the base 
line treatment scenario (in this case is Phe at SS) 
a1, a2, a3, b1, b2, and b3 are the additive effects on the y-intercepts and degradation 
rate constants for each combination of treatments; a1, a2, b1, and b2 are for the 
compounds; and a3 and b3 are for the types of wetland soil;  
 
Six different equations created from the combinations (3*2) are: 
1. Phe_SS  Y = a*E(bt) 
2. Phe_IS  Y = (a+a3)*E(b+b3)t 
3. Pyr_SS  Y = (a+a1)*E(b+b1)t 
4. Pyr_IS  Y = (a+a1+a3)*E(b+b1+b3)t 
5. BeP_SS  Y = (a+a1+a2)*E(b+b1+b2)t 
6. BeP_IS  Y = (a+a1+a2+a3)*E(b+b1+b2+b3)t 
So, b3 is -0.0130 (for the wetland soil type difference); it means that IS has rate 1.30 
%/day higher than that SS has. This number is significantly different from “0”; it 
means that the rate in IS is significantly different (higher) than the rate in SS. 
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3. ANOVA TABLE for the comparison of the degradation rates of the three compounds 
with the two types of wetland soil and the two nutrient status: without nutrient 
addition (No) and with nutrient addition (Yes) (Chapter 5).  
Parameter Estimate Approx 
Std Error 
Approximate 95% Confidence 
Limits 
A 167.3 6.7362 154.0 180.5 
a1 -13.5736 7.5063 -28.3810 1.2338 
a2 -35.4153 7.1170 -49.4547 -21.3760 
a3 -3.8985 5.9076 -15.5523 7.7553 
a4 13.9975 5.7930 2.5698 25.4252 
B -0.0247 0.00160 -0.0279 -0.0215 
b1 0.00454 0.00183 0.000933 0.00814 
b2 0.0128 0.00164 0.00961 0.0161 
b3 -0.0107 0.00149 -0.0136 -0.00771 
b4 -0.00103 0.00125 -0.00350 0.00145 
 
The exponential decay model parameterized for various combinations of treatments/ 
scenarios is: 
 
Y = (a+a1+a2+a3+a4)*[EXP{(b+b1+b2+b3+b4)t}]  
 
Y is the concentration of the compound at time t 
t is time (days) 
a and b are the y intercept and the degradation rate constant, respectively, for the base 
line treatment scenario (in this case is Phe at SS and no nutrient addition) 
a1, a2, a3, a4, b1, b2, b3, and b4 are the additive effects on the y-intercepts and 
degradation rate constants for each combination of treatments; a1, a2, b1, and b2 are 
for the compounds; a3 and b3 are for the sediment levels; a4 and b4 are for the 
nutrient status. 
 
Twelve different equations created from the combinations (3*2*2) are: 
1. Phe_SS_No  Y = (a)* EXP (bt)     
2. Phe_IS_No  Y = (a)*{EXP (b+b3)t}     
3. Phe_SS_Yes  Y = (a+a4)*{EXP (b+b4)t}    
4. Phe_IS_Yes  Y = (a+a4)*{EXP (b+b3+b4)t}   
5. Pyr_SS_No  Y = (a)*{EXP (b+b1)t}    
6. Pyr_IS_No  Y = (a)*{EXP (b+b1+b3)t}   
7. Pyr_SS_Yes  Y = (a+a4)*{EXP (b+b1+b4)t}   
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8. Pyr_IS_Yes  Y = (a+a4)*{EXP (b+b1+b3+b4)t}     
9. BeP_SS_No  Y = (a+a2)*{EXP (b+b2)t}    
10. BeP_IS_No  Y = (a+a2)*{EXP (b+b2+b3)}   
11. BeP_SS_Yes  Y = (a+a2+a4)*{EXP (b+b2+b4)t}   
12. BeP_IS_Yes  Y = (a+a4)*{EXP (b+b2+b3+b4)t} 
 
So, parameter b3 has value of -0.0107 (for the wetland soil type difference); it means 
that IS has rate 1.07 %/day higher than that SS has. This number is significantly 
different from “0”; it means that the rate in IS is significantly different (higher) than 
the rate in SS.  
 
Parameter b4 has value of -0.00103 which is significantly zero. This parameter is for 
the nutrient status; so, there is no significant difference between the degradation rates 
of the compounds in the soil without and with nutrient addition. 
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